@x  m  m 

»i«m« 

imiunibm 


THE  UNIVERSITY  OF  ALBERTA 


RELEASE  FORM 


NAME  OF  AUTHOR  CHEE ,  KIM  TOON 

TITLE  OF  THESIS  SINGLE  AND  DOUBLE  INJECTION 

CUPROUS  OXIDE  DIODES 

DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED  DOCTOR  OF 

PHILOSOPHY 

YEAR  THIS  DEGREE  GRANTED  1976 

Permission  is  hereby  granted  to  THE  UNIVERSITY 
OF  ALBERTA  LIBRARY  to  reproduce  single  copies  of 
this  thesis  and  to  lend  or  sell  such  copies  for 
private,  scholarly  or  scientific  research  purposes 
only. 

The  author  reserves  other  publication  rights, 
and  neither  the  thesis  nor  extensive  extracts  from 
it  may  be  printed  or  otherwise  reproduced  without 
the  author's  written  permission. 


THE  UNIVERSITY  OF  ALBERTA 


SINGLE  AND  DOUBLE  INJECTION 
CUPROUS  OXIDE  DIODES 


by 

KIM  TOON 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 

OF  DOCTOR  OF  PHILOSOPHY 


DEPARTMENT  OF  PHYSICS 


EDMONTON ,  ALBERTA 
FALL,  1976 


Digitized  by  the  Internet  Archive 
in  2020  with  funding  from 
University  of  Alberta  Libraries 


https  ://arch  i  ve .  org/detai  I  s/C  hee  1 976 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research, 
a  thesis  entitled  Single  and  Double  Injection  Cuprous 
Oxide  Diodes,  submitted  by  Chee  Kim  Toon  in  partial  ful¬ 
filment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy. 


ABSTRACT 


The  unsatisfactory  performance  of  conventional  mul¬ 
ticrystalline  0^0  rectifiers,  particularly  in  the  reversed 
bias  condition,  triggered  us  to  attempt  to  make  Cu^O  single 
crystal  rectifiers.  The  method  of  fabricating  these  recti¬ 
fiers  is  reported.  The  study  of  these  rectifiers  supported 
a  previous  suggestion  that  grain  boundaries  are  responsible 
for  one  of  the  deteriorations  observed  in  conventional  Ck^O 
rectifiers . 

We  also  found  the  I-V  characteristics  of  the  diodes 
we  made  are  very  different  from  conventional  Cu^O  diodes 
whose  characteristics  are  controlled  by  the  CU2O-CU  junc¬ 
tion. 

We  have  studied  the  forward  current-voltage  charac¬ 
teristics  of  the  single-crystal  rectifiers  in  great  detail. 

—  6 

Two  sets  of  diodes,  one  annealed  under  high  vacuum  (10 
torr)  and  the  other  at  higher  air  pressure  (1-2  torr) ,  were 
studied.  They  show  the  characteristics  of  injection  diodes. 

Since  conduction  due  to  single  or  double  carrier 
injection  has  not  previously  been  reported  for  C^O,  a  de¬ 
tailed  study  of  the  characteristics  of  these  C^O  diodes 
was  made  and  the  results  were  compared  with  the  theory  of 
single  or  double  injection. 

We  found  the  vacuum-annealed  samples  show  charac¬ 
teristics  which  agree  with  the  theory  of  single-carrier 

iv 


' 

■ 


space-charge-limited  conduction  .  From  the  I-V  character¬ 
istics  of  the  samples  and  other  experimental  results,  we 
conclude  that  there  is  a  continuous  distribution  of  local¬ 
ized  states  inside  the  energy  band  gap  for  this  type  of 
sample  preparation. 

On  the  other  hand,  the  diodes  which  were  annealed 
at  higher  air  pressure  were  found  to  exhibit  the  character¬ 
istics  of  double  injection.  The  low  injection  regimes  were 
studied  in  detail.  For  thick  samples,  the  experimental  re¬ 
sults  were  found  to  agree  well  with  the  simplified  theory 
of  double  injection.  However,  discrepancies  were  observed 
for  thinner  samples.  Preliminary  results  on  negative  re¬ 
sistance  observed  in  these  diodes  at  higher  injection  level 
are  also  reported. 
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Chapter  1 
Introduction 

Conventional  cuprous  oxide  (C^O)  rectifiers  were 
among  the  first  rectifiers  in  use  in  the  early  twenties 
(Grondahl  1926) .  However,  its  behaviour,  especially  under 
reversed  biased  condition,  has  long  been  known  to  exhibit 
undesirable  effects  such  as  the  increase  of  reversed  cur¬ 
rent  with  respect  to  time  after  preparation  of  the  recti¬ 
fiers.  It  was  suggested  that  the  boundaries  between  the 
microcrystalline  C^O  grain  grown  on  the  copper  was  respon¬ 
sible  for  some  of  this  deterioration.  A  natural  step  to 
take  was  then  to  prepare  single  crystal  rectifiers.  As 
conventional  methods  of  obtaining  rectifiers  by  oxidizing 
copper  sheet  are  always  found  to  be  multicrystalline  (with 
the  exception  of  certain  facets  when  single  crystal  copper 
is  used)  ,  we  have  attempted  to  make  C^O  single  crystal 
rectifiers  starting  from  C^O  single  crystals.  This 
method  of  preparing  these  diodes  is  described  in  chapter  2. 

The  study  of  these  C^O  single-crystal  diodes  in¬ 
dicates  that  although  some  deterioration  can  be  removed  by 
using  single  crystals,  other  undesirable  effects  under  the 
reversed  biased  condition  still  exist  in  these  diodes 
(chapter  3) .  During  this  study,  the  rather  interesting 
behaviour  of  the  forward  current-voltage  characteristics 
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was  noticed.  Work  has  since  then  been  focused  on  the  in¬ 
vestigation  of  these  characteristics. 

It  was  found  that  the  behaviour  of  these  diodes 
depended  on  the  annealing  process  the  diodes  received 
after  their  preparation.  Various  experiments  indicate 
these  diodes  are  injection  diodes,  that  is,  the  I-V  char¬ 
acteristics  observed  are  due  to  the  injection  of  excess 
carriers  from  the  electrodes  into  the  crystals.  For  the 
first  time  in  C^O,  various  injection  regimes  are  ob¬ 
served  in  the  I-V  characteristics  which  are  discussed  in 
detail  in  chapters  4  and  5. 

We  found  the  vacuum-annealed  samples  show  charac¬ 
teristics  which  agree  with  the  theory  of  single-carrier 
space-charge-limited  conductions.  The  I-V  characteristics 
of  the  samples  and  other  experimental  results  indicate 
that  there  is  a  continuous  distribution  of  localized 
states  inside  the  energy  band  gap. 

On  the  other  hand,  the  diodes  which  were  annealed 
at  higher  air  pressure  were  found  to  exhibit  the  charac¬ 
teristics  of  double  injection.  The  low  injection  regimes 
were  studied  in  detail.  For  thick  samples,  the  experi¬ 
mental  results  were  found  to  agree  well  with  the  simpli¬ 
fied  theory  of  double  injection.  However,  discrepancies 
were  observed  for  thinner  samples.  Preliminary  results 
on  negative  resistance  observed  in  these  diodes  at  higher 
injection  level  are  also  reported. 
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In  the  past,  studies  on  electrical  conduction  in 
CU2O  crystal  were  almost  exclusively  in  the  ohmic  regime. 
Although  much  valuable  information  can  be  obtained  from 
these  studies,  some  interpretations  are  rather  ambiguous. 
For  example,  Roberts  and  Schmidlin  (1969)  pointed  out 
that  the  interpretation  of  the  activation  energy  in  the 
ohmic  conduction  regime  will  be  ambiguous  unless  other 
supplementary  observations,  such  as  that  of  single-carrier 
space-charge-limited  conduction,  are  included. 

The  discovery  and  study  of  the  various  injection 
regimes  in  single  and  double  injection  Cu20  diodes  repor¬ 
ted  in  this  thesis  therefore  serve  to  widen  the  scope  of 
research  on  the  conduction  regimes  in  Cu20.  It  is  hoped 
that  this  study  can  shed  some  light  on  the  understanding 
of  Cu20,  a  material  which  is  still  not  clearly  understood 
even  after  over  half  a  century  of  study. 
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Chapter  2 

Fabrication  of  Cu^O  Single-crystal  Diodes 
and  Techniques  of  Measurement 

(1)  Motivation  for  preparing  Ci^O  single-crystal  diodes: 

The  making  of  conventional  types  of  Ci^O-Cu  recti¬ 
fiers  involves  the  oxidation  of  copper  discs  or  copper 
sheets  at  temperatures  over  1000° C  followed  by  an  anneal¬ 
ing  and/or  quenching  process  (Grondahl  1933,  Greiner 
1961) .  The  CuO  layer  is  then  either  polished  or  etched 
away,  leaving  the  C^O  layer  on  top  of  the  copper.  Multi¬ 
crystalline  Cu^O  layers  are  always  obtained  using  this 
method.  It  has  been  shown  in  the  past  that  the  reversed 
current  of  the  rectifiers  started  to  deteriorate  (increase) 
immediately  after  their  preparation  (Kuzel  1961) . 

Two  types  of  deterioration  can  be  distinguished.  One  is 
that  the  reversed  current  increases  above  the  tolerable 
level  as  time  progresses,  the  second  that  the  reversed 
current  increases  with  time  while  a  constant  voltage  is 
applied.  This  second  effect  is  usually  referred  to  as 
the  creeping  effect. 

The  first  effect  was  found  to  be  partly  due  to 
the  formation  of  a  low-resistance  layer  along  the  edges 
of  the  rectifiers.  Etching  the  edges  could  in  most  cases 
restore  the  reversed  current  to  its  original  value. 
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The  creeping  effect  could  be  overcome  by  heating 
the  rectifiers  for  10-20  minutes  at  100°C  -  150°C.  Kuzel 
(1961)  showed  that  this  heat  treatment  increased  the 
stability  of  the  reversed  current.  However,  excess  heat¬ 
ing  (e.g.  1  hour)  at  this  temperature  for  such  rectifiers 
caused  the  reversed  current  to  increase.  This  was  ex¬ 
plained  by  the  fact  that  in  multicrystalline  cuprous  oxide 
rectifiers,  the  oxygen  rich  layer  between  the  grains 
formed  barrier  layers  at  the  metal  -  semiconductor  bound¬ 
ary,  but  of  much  poorer  quality  than  those  formed  at  the 
bulk  semiconductor  -  metal  boundary  (Weichman  and  Kuzel 
1970a) .  Extensive  heating  at  100°C  -  150°C  caused  the  de¬ 
terioration  of  these  grain  boundary  layers.  It  was  found 
that  this  type  of  deterioration  could  take  place  at  room 
temperature  over  a  period  of  days  rather  than  hours.  A 
natural  step  to  improve  Ci^O-Cu  rectifiers  was  seen  to  be 
the  attempt  to  make  single  crystal  Cu20  rectifiers  and 
therefore  eliminate  the  undesirable  effect  due  to  the  grain 
boundaries . 
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(2)  Method  for  preparing  Cu^O  single-crystal  diodes: 

Cuprous  oxide  single  crystals,  of  the  order  of  one 
square  centimeter  in  area  and  of  thickness  0.5  to  1  mm., 
are  cut  from  larger  Cu^O  slabs  which  also  contain  smaller 
crystals.  The  slabs  are  grown  from  high-purity  copper 
(ASARCO)  by  the  grain  growth  method  (Toth  et.  al.  1961) . 

In  most  crystals,  there  are  voids  near  the  central 
region  of  the  crystal.  This  region  contains  a  high  degree 
of  imperfections.  Crystals  are  chosen  and  mounted  in  such 
a  way  that  this  region  is  at  a  sufficient  distance  from 
the  face  that  is  to  be  bonded  to  the  copper,  so  that  it 
can  be  completely  removed  by  grinding  and  polishing  after 
the  bonding  process. 

The  two  larger  faces  of  the  crystal  are  polished 
flat  and  approximately  parallel  to  each  other  on  Logitech 
PM2  polishing  machine.  During  polishing,  the  sample  is 
attached  to  a  jig  (Logitech  polishing  jig,  PP5)  by  resin 
or  glue.  The  jig,  together  with  the  sample,  is  lapped 
against  a  brass  plate  with  12.5  micron  aluminium  oxide 
powder  as  an  abrasive. 

To  obtain  approximately  parallel  faces  on  the 
single  crystal  sample,  we  proceed  in  three  steps.  First, 
one  of  the  faces  of  the  sample  is  polished  flat  on  the 
brass  plate.  Then  this  crystal  is  removed  from  the  jig. 

A  second  piece  of  Cu20,  which  we  will  refer  to  as  the 
reference  piece,  is  mounted  to  the  jig  and  also  polished 
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flat  on  the  same  plate.  Without  removing  this  reference 
piece  of  Cu^O  from  the  jig,  the  polished  face  of  the  sam¬ 
ple  is  now  placed  in  contact  with  the  polished  face  of  the 
reference  piece.  Acrylic  cement  is  applied  on  the  edge  of 
the  sample  and  a  brass  weight  is  placed  on  the  top  of  the 
crystal  to  press  it  tightly  against  the  reference  piece. 

The  weight  is  removed  when  the  cement  is  cured  (2  hours  or 
more) .  The  exposed  side  of  the  sample  is  then  polished. 

In  principle,  it  is  obvious  that,  since  the  faces  of  the 
sample  are  parallel  to  the  brass  plate,  they  are  parallel 
to  each  other.  In  practice,  it  is  found  that,  as  long  as 
the  brass  plate  is  kept  in  good  condition,  the  degree  of 
parallelism  is  better  than  1  micrometer  for  a  width  of  1 
centimeter,  which  is  sufficient  for  our  purpose. 

After  both  sides  have  been  polished,  the  sample  is 
rinsed  with  acetone,  followed  by  etching  a  few  times  (about 
half  a  minute  each  time)  with  dilute  HNO^  (i.e.  1/4  concen¬ 
trated  HNO^  in  3/4  water) . 

To  make  the  actual  diode  we  proceed  as  follows. 

First,  we  form  a  thin  copper  layer  on  the  surface 
of  the  Cu20.  This  is  done  by  placing  the  sample  in  the 
dilute  HNO^  to  reduce  the  surface  to  copper.  This  copper 
layer,  however,  is  easily  wiped  off  and  care  must  be  taken 
to  avoid  this  while  rinsing  the  sample  in  water  to  remove 
the  remaining  HN03-  The  crystal,  with  its  copper  layer, 
is  then  placed  in  a  horizontal  oven  subsequently  evacuated 
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with  a  roughing  pump  and  a  molecular  sieve  absorption  pump 

-4 

to  a  pressure  of  about  10  torr.  The  oven  is  then  heated 
to  approximately  600 °C  and  maintained  at  that  temperature 
for  3  hours,  after  which  the  oven  is  slowly  allowed  to  cool 
to  room  temperature.  The  Cu^O  crystal  treated  in  this  way 
will  be  found  to  have  a  thin  coating  of  copper  which  ad¬ 
heres  well. 

A  second,  larger  piece  of  Cu^O  material,  but  not 
normally  a  single  crystal,  is  similarly  prepared  to  act  as 
a  substrate  of  identical  coefficient  of  expansion  as  the 
crystal  which  is  to  be  bonded  to  it.  The  copper-coated 
CU2O  crystal  is  placed  on  a  similarly  coated  Cu20  sub¬ 
strate,  separate  from  it  by  a  thin  (-  50  ym)  copper  foil. 
This  Cu20  -  Cu  -  Cu20  sandwich  is  again  placed  in  the  hor¬ 
izontal  oven  which  is  again  evacuated.  This  time  the  oven 
is  heated  to  1020 °C  and  maintained  at  that  temperature  for 
5  to  10  minutes.  The  temperature  must  then  be  increased 
to  1100 °C  to  melt  the  copper  foil.  After  approximately  10 
minutes  at  1100 °C,  the  heating  current  is  switched  off  and 
the  oven  is  allowed  to  cool  to  room  temperature  over  a 
period  of  15  hours. 

With  this  procedure  the  Cu20  crystal  will  be  found 
to  be  well  bonded  to  the  copper  and,  through  it,  to  the 
Cu20  substrate. 

The  Cu20  single  crystal  of  the  sandwich  must  now 
be  polished  thinner,  usually  to  a  thickness  of  the  order 
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of  50  to  200  pm.  The  exposed  face  of  the  substrate  is  pol¬ 
ished  flat  and  parallel  to  the  exposed  face  of  the  sample 
using  the  method  described  before.  The  polishing  process  is 
now  repeated  with  the  exposed  face  of  the  sample  lapping 
against  the  brass  plate. 

Finally,  platinum  electrodes  are  sputtered  onto  the 
exposed  face  of  the  Cu^O  crystal.  Platinum  is  also  sput¬ 
tered  onto  the  exposed  surfaces  of  the  Cu^O  substrate  in 
such  a  way  that  contact  to  the  central  copper  layer  can  be 
assured.  This  allows  electrical  contact  to  the  copper  to 
be  made  on  the  larger  platinum  surfaces  rather  than  direct¬ 
ly  to  the  smaller  areas  of  protruding  copper. 

This  process  completes  the  manufacture  of  each  in¬ 
dividual  diode.  Since,  as  will  be  reported  in  chapter  4, 
the  behaviour  of  such  a  diode  can  be  strongly  influenced 
by  subsequent  annealing  treatment,  we  will  describe  the 
final  individual  treatment  where  we  discuss  the  experimental 
results  obtained  from  that  diode. 
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(3)  Electrical  measurement  devices  -  method  and  apparatus: 

One  major  source  of  error  in  the  early  literature 
on  the  electrical  properties  of  cuprous  oxide  has  been  the 
fact  that  the  surface  conductivity  of  this  material  very 
often  is  appreciably  higher  than  the  bulk  conductivity. 

The  formation  of  a  highly  conducting  surface  layer  occurs 
when  the  sample  is  exposed  to  air.  This  layer,  however, 
can  be  removed  by  heating  to  around  160 °C  or  higher  in 
vacuum.  Fig.  1  shows  an  example  of  this  effect.  The  for¬ 
ward  conductance  of  a  diode  is  plotted  against  the  time  of 
exposure  to  air.  The  diode  has  been  preheated  to  200 °C  in 
vacuum  to  remove  the  high  conductivity  layer.  Once  the 
sample  is  exposed  to  air  at  room  temperature,  the  forward 
conductance  measured  without  a  guard  ring  (curve  1)  begins 
to  climb  as  time  progresses,  while  the  measurement  with  a 
guard  ring  (curve  2) ,  as  described  below,  shows  no  change 
in  forward  conductance  in  response  to  air  exposure.  This 
clearly  indicates  the  formation  of  the  conducting  surface 
layer. 

Therefore,  when  measuring  the  current-voltage  char¬ 
acteristics  of  diodes,  precautions  have  to  be  taken  to 
eliminate  such  surface  leakage  currents,  or  to  correct  for 
their  presence  by  appropriate  measurement  techniques. 

Two  methods  have  been  used  by  us  to  obtain  true 


bulk  current  results: 
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Fig.  1.  The  forward  conductance  of  Cu20  single  crystal 

diodes  (sample  SD-3)  versus  the  time  of  exposure 
to  air.  The  sample  has  been  preheated  at  about 
200 °C  in  vacuum.  The  data  points  0  (curve  1) 
were  taken  without  guard  ring  on  sample,  while 
data  points  •  (curve  2)  were  taken  with  guard 
ring  on  the  sample. 

(The  detail  heat  treatment  of  sample  SD-3  is 
identical  with  that  of  sample  SD-10  described 
in  chapter  4.) 
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(i)  Guard-ring  method:  For  I-V  measurement  in 
air,  guard  rings  are  provided  (Fig.  2) .  The  internal  re¬ 
sistance  R  of  the  current  measuring  device  is  required  to 
be  smaller  than  the  resistance  Rg  between  the  guard  ring 
and  the  central  electrode  since  it  is  obvious  that  the 
surface  current  I  between  the  central  electrode  and  the 

•D 

guard  ring  should  be  much  smaller  than  the  current  I 

R 

through  R  (refer  to  Fig.  3),  that  is, 


since 


we  have 


or 


I  <<  ID 
s  R 


I  ~  irr 

s  i b  ' 


V  «  ^ 

Rs 

R  <<  R_ 


This  method  is  very  convenient  for  low  resistivity 
samples.  For  measurements  on  high-resistivity  samples, 
where  the  current  measuring  device  must  be  far  more  sensi¬ 
tive  and  therefore  often  of  higher  internal  impedance, 
this  method  is  more  difficult  to  apply. 

(ii)  Vacuum  pre-heating  method:  This  second 
method  involves  the  elimination  of  surface  current  by  heat¬ 
ing  the  sample  to  about  200°C  in  vacuum  (-  10  ^  torr)  and 
cooling  to  room  temperature  under  vacuum.  All  subsequent 
measurements  are  then  made  in  vacuum  or  under  inert 
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Fig,  2c. 


A  simplified  diagram  of  the  electrical 
circuit  used  for  I-V  measurement. 


Fig.  3.  Diagram  showing  the  current 
components  for  guard  ring 
arrangement . 
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atmosphere.  To  achieve  a  vacuum  of  10  torr,  a  pumping 
system  consisting  of  a  roughing  pump  and  a  mercury  diffus¬ 
ion  pump  (Fig.  4)  is  used.  A  quartz  capillary  tube  which 
can  be  heated  to  a  higher  temperature  to  allow  extremely 
pure  He  gas  to  leak  into  the  system  is  also  attached  to 
the  system. 

The  sample  chamber  is  shown  in  Fig.  5.  The  elec¬ 
trical  leads  to  and  from  the  sample  are  well-screened 
against  outside  interference.  The  sample  is  heated  by  a 
heating  coil  placed  inside  the  copper  tube  which  also 
serves  as  a  sample  holder. 

After  the  sample  has  been  preheated  in  vacuum, 
helium  gas  is  allowed  to  leak  into  the  system  and  the 
measurements  of  the  current-voltage  characteristics  are 
carried  out  in  helium  atmosphere.  The  presence  of  helium 
gas  in  the  system  provides  the  necessary  medium  for  heat 
transfer  between  the  sample  and  external  heating  or  cool¬ 
ing  system  and  at  the  same  time  avoids  the  formation  of 
the  conducting  layers  on  the  sample  surface. 

The  effectiveness  of  eliminating  the  surface  cur¬ 
rent  using  this  method  is  shown  in  Fig.  6  which  gives  the 
forward  conductance  with  respect  to  temperature  during  the 
heating  process.  The  data  points  •  are  obtained  without 
guard  ring,  while  those  points  o  are  obtained  with  guard 
ring.  The  two  upper  curves  are  obtained  while  increasing 
temperature.  As  we  can  see  the  two  curves  merge  at  around 
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Fig.  4.  A  diagrammatic  view  of  the  vacuum  pumping  system. 

(a)  heater 

(b)  mercury  diffusion  pump 

(c)  quartz  helium  leak 

(d)  liquid  nitrogen  traps 

(e)  dewar  flasks 

(f)  cold-cathode  vacuum  gauge 
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Fig. 
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Fig.  5(b).  Cross  section  of  the  sample  holder. 
Fig.  5(c).  Top  view  of  the  sample  holder. 


Fig.  5(b) 


Screw 


insulators 


Fig.  5(c) 


Note:  Dashed  lines  represent  electrical  leads. 
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Fig.  6.  The  forward  conductance  of  the  CU2O  single  crystal 
diode  (Sample  SD-3)  versus  the  reciprocal  of  the 
absolute  temperature.  The  vertical  axis  is  in 
logarithmic  scale.  The  data  points  (•)  were  taken 
with  temperature  increasing  (from  room  temperature 
to  about  200 °C)  using  guard  ring  technique,  points 
(O)  with  temperature  increasing  (from  room  tempera¬ 
ture  to  about  200 °C)  without  the  use  of  the  guard 
ring,  and  points  (A)  with  temperature  decreasing 
(from  200 °C  to  room  temperature)  with  and  without 
the  use  of  the  guard  ring. 
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160 °C/  indicating  the  complete  elimination  of  surface  cur¬ 
rent.  The  change  of  slope  in  the  middle  curve  (with  guard 
ring)  at  about  100 °C  is  well  known  to  be  due  to  the  elim¬ 
ination  of  the  photomemory  effect  (Kuzel  1961,  Zouaghi  et 
al.  1970,  Tapiero  et.  al.  1976).  Comparing  the  two  upper 
curves  indicates  that  the  surface  current  of  this  particu¬ 
lar  sample  before  heating  is  more  than  one  order  of  magni¬ 
tude  larger  than  the  true  bulk  current. 

After  reaching  about  200 °C,  the  heating  current  is 

reduced  slowly.  When  cooling,  the  currents  measured  with 

or  without  guard  ring  are  identical,  as  shown  in  the  lowest 

curve  in  Fig.  6  (data  points  A) .  This  curve  shows  that  the 

conductance  in  the  cooling  process  exhibits  the  usual  char- 
1  Ea 

actenstics  —  a  exp  (-  ^)  .  The  effectiveness  of  eliminat¬ 
ing  the  surface  current  by  vacuum  pre-heating  is  therefore 
verified. 


It  should  be  noted  here  that  the  vacuum-preheating 
method  eliminates  both  the  surface  current  and  photomemory 
effect,  while  the  guard-ring  method  without  preheating  the 
sample  only  eliminates  the  surface  current. 

A  Hewlett-packard  DC  power  supply  (model  6209  B)  is 
used  to  provide  voltages  up  to  300  volts.  A  Keithley  601 
electrometer  is  used  to  measure  the  current.  The  tempera¬ 
ture  is  measured  by  a  chromel-alumel  thermocouple  attached 


to  the  Cu20  crystal. 


' 
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Chapter  3 

The  Pt-Cu^,0-Cu  Structure  as  a  Diode 
(1)  Introduction 

Although  our  main  research  emphasis  on  the  Pt-C^Q- 
Cu  structure  described  earlier  has  been  focused  on  the  for¬ 
ward  current-voltage  characteristics  which  will  be  des¬ 
cribed  in  later  chapters,  the  study  of  the  possibility  of 
using  it  as  a  rectifier  of  improved  performance  over  the 
conventional  Cu^O-Cu  rectifier  was  one  of  our  early  aims. 
Although  we  later  found  that  the  reversed  current-voltage 
characteristics  still  exhibited  certain  undesirable  effects, 
we  feel  that  a  brief  description  and  discussion  of  the  be¬ 
haviour  of  this  structure,  especially  in  the  reversed- 
biased  condition  is  worthwhile  here,  since  the  sequence  of 
material  in  this  thesis  follows  more  or  less  in  accordance 
to  the  sequence  of  development  of  the  project. 

As  part  of  our  study  of  diode  characteristics  we 
also  describe  here  measurements  of  the  I-V  characteristics 
of  the  diode  before  and  after  it  has  been  heated  up  to 
130°C  for  different  periods  of  time.  These  serve  as  a  test 
for  the  suggestion  made  by  Weichman  and  Kuzel  (1970a)  on  the 
deterioration  of  reversed  current  which  we  described  in 
chapter  2 . 
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(2)  The  effect  of  oxidation  on  the  I-V  characteristics  of 
the  diodes: 

The  starting  Cu^O  single  crystal  has  a  resistivity 
7 

of  10  ohm-cm  or  higher.  After  the  Ci^O  crystals  and  cop¬ 
per  are  bonded  together  and  the  Cu^O  single  crystal  is  pol¬ 
ished  down  to  about  200  jam,  the  current-voltage  character¬ 
istics  of  the  sample  are  measured  both  before  and  after 
oxidation. 

Fig.  7  shows  the  I-V  characteristics  of  one  of  the 

diodes  (sample  S-9) ,  whose  central  electrode  area  was  5.7 
2 

x  5.7  mm  ,  before  oxidation.  The  reversed  current  is 
close  to  ohmic  in  its  behaviour.  The  Cu-C^O  junction, 
although  blocking  at  higher  voltage  (not  shown  in  Fig.  7) , 
can  provide  the  carriers  required  at  low  voltage,  i.e.  it 
is  ohmic  in  nature  at  low  voltage  as  shown  in  Fig.  7. 

Since  the  bulk  resistance  is  very  high,  the  ratio  of  re- 
versed-forward  resistance  is  close  to  unity. 

At  higher  voltages,  the  reversed  current  shows  a 
very  serious  creeping  effect  which  is  shown  in  Fig.  9  and 
will  be  described  in  a  later  section. 

Fig.  8  shows  the  I-V  characteristics  of  the  same 
sample  after  oxidation.  Although  both  the  forward  and  re¬ 
versed  currents  increase  after  oxidation  (oxidized  at  1-2 
torr  of  air  at  about  600 °C  for  about  10  hours) ,  the  for¬ 
ward  current  has  a  more  dramatic  increase  (of  the  order  of 
100  times).  For  this  particular  sample,  a  forward-reversed 
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Fig.  7,  The  current-voltage  characteristic  of 
sample  S-9  before  oxidation,  measured 
by  guard-ring  method. 

T=298°K. 
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Fig.  8.  The  current-voltage  characteristic  of 

sample  S-9  after  oxidation,  measured  by 
guard-ring  method.  (The  scale  on  the 
upper  half  of  the  ordinate  is  different 
from  that  of  the  lower  half.) 

T=298°K. 
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current  ratio  of  about  60  is  obtained  at  an  applied  volt¬ 
age  of  5  volts. 

CU2O  has  long  been  known  to  be  a  deficit,  p-type 
semiconductor  (Mott  and  Gurney  1940,  Bloem  1958).  The  de¬ 
crease  in  resistance  after  oxidation  is  due  to  the  in¬ 
crease  of  defects  (or  more  specifically,  Cu+  vacancies). 
The  Cu+  vacancies  result  in  localized  acceptor  states. 
Electrons  from  the  valence  band  are  excited  into  these 
localized  states  leaving  mobile  holes  behind,  which  in 
turn  results  in  much  higher  forward  current.  The  reverse 
current  remains  limited  by  the  junction. 
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(3)  Reversed  current-voltage  characteristics: 

For  practical  uses,  it  is  required  that  a  diode  has 
a  high  resistance  under  reversed  bias  condition.  Any  large 
deterioration  of  reversed  current  with  respect  to  time  is 
therefore  undesirable.  Conventional  Cu^O  rectifiers  are 
well  known  to  exhibit  some  undesirable  effects  in  the  re¬ 
versed  direction  which  we  have  already  described  in  chap¬ 
ter  2 . 

The  reversed  current  of  the  rectifiers,  made  by  the 
method  described  in  the  previous  chapter,  unfortunately 
still  shows  the  creeping  effect  at  higher  applied  voltages. 
As  a  constant  voltage  is  applied  in  the  reversed  direction, 
the  current  starts  to  climb  as  time  progresses.  Fig.  9 
shows  an  example  of  this  type  of  creeping  at  various  volt¬ 
ages  . 

At  low  voltages,  the  reversed  current  returns  to 
the  same  initial  current  after  the  voltage  has  been 
switched  off.  This  is  shown  in  Fig.  10,  where  curve  1  was 
measured  with  constant  voltage  of  30  volts  applied  on  the 
sample.  After  about  lh  hours,  the  voltage  was  switched 
off  (refer  to  Fig.  10) .  Curve  2  in  Fig.  10  was  traced 
with  the  voltage  on  only  for  a  few  seconds,  just  long 
enough  to  measure  the  current  but  short  enough  to  avoid 
further  serious  creeping.  Curve  2  shows  the  decay  of  re¬ 
versed  current  to  its  original  value. 
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TIME  (hours) 


Fig.  9.  The  reversed  current  versus  the  duration 
of  reversed  voltage.  (Sample  SD-5) 
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Fig.  10. 


The  reversed  current  at  30  volts  versus  elapsed 
time.  Curve  (1)  is  taken  with  reversed  voltage 
applied  continuously  and  curve  (2)  is  taken  with 
reversed  voltage  applied  for  only  a  period  of  a 
few  seconds  to  take  current  reading.  (Sample  SD-5) 
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The  creeping  effect  still  exists  after  oxidation. 
For  conventional  Ci^O  rectifiers,  Kuzel  (1961)  reported 
that  a  brief  heating  (-  10  minutes)  at  130°C  could  sta¬ 
bilize  the  reversed  current,  but  excessive  heating  (an 
hour  or  more)  caused  a  serious  deterioration  of  the  re¬ 
versed  current.  The  explanation,  that  the  multicrystal¬ 
line  grain  boundaries  were  responsible  for  this  later 
deterioration,  was  mentioned  in  chapter  2. 

To  examine  the  validity  of  the  explanation,  tests 
were  carried  out  by  exposing  our  single-crystal  diodes  to 
the  same  heat  treatment.  Fig.  11  shows  two  I-V  curves 
after  different  heating  periods  at  130°C  in  air.  Heating 
did  stabilize  the  reversed  current  somewhat,  but  a  com¬ 
plete  stability  was  not  achieved. 

It  was  also  found  that  excessive  heating  (up  to  2 
hours  or  more)  on  the  C^O  single  crystal  diode  had  no  un¬ 
desirable  effect  on  the  reversed  current  (Fig.  11)  as  had 
been  reported  for  the  conventional  diodes.  This  supports 
the  suggestion  of  Kuzel  that  grain  boundaries  are  respon¬ 
sible  for  the  deterioration  after  excessive  heating  in  the 
case  of  conventional  multicrystalline  C^O  rectifiers. 
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Fig.  11.  The  effect  of  heating  at  130° C  in  air  on  the 
current -voltage  characteristics  of  Cu?0  single¬ 
crystal  diodes.  Points  (•)  are  taken  Before  heating 
at  130 °C  in  air,  and  points  (*)  are  taken  after 
heating  for  2  hours  at  130°C  in  air.  (The  scale 
on  the  upper  half  of  the  ordinate  is  different  from 
that  of  the  lower  half.) 
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(4)  Conclusion : 

Measurements  on  the  reversed  current  of  the  C^Q 
single  crystal  diodes  have  supported  the  suggestion  that 
some  of  the  deterioration  of  conventional  multicrystalline 
CU2O  rectifiers  are  due  to  the  existence  of  grain  bound¬ 
aries  . 

The  sample  shown  in  Fig.  8  has  a  resistivity  of 

4 

10  ohm-cm.  Although  lower  resistivity  has  been  reported 
for  CU2O,  especially  in  the  early  literature  (Grondahl 
1933) ,  it  is  not  clear  that  the  reported  resistivities  rep 
resent  that  of  the  bulk  material.  Surface  and  grain  bound 
aries  tend  to  have  lower  resistivity  (Weichman  and  Kuzel 

4 

1970a,  Kuzel  and  Weichman  1970).  In  my  own  experience,  10 
ohm-cm  is  the  lowest  bulk  resistivity  that  I  have  observed 
for  CU2O  single  crystal.  Results  obtained  by  the  C^O  re¬ 
search  group  in  Strasburg  (Zielinger  et.  al.  1972)  appear 
to  indicate  the  same.  Thus  the  forward  resistance  (few 
kilo-ohms)  for  the  sample  shown  in  Fig.  8  appears  to  be 

close  to  the  lowest  value  we  can  get  for  the  given  thick- 

2 

ness  (-  200  ym)  and  area  {-  5.7  x  5.7  mm  ).  This  higher 
forward  resistance  is  undesirable  for  practical  applica¬ 
tions  . 

Furthermore,  the  creeping  effect,  though  it  can  be 
reduced  by  heating  at  130 °C,  cannot  be  completely  elimin¬ 


ated  . 
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Chapter  4 

Pt-Cu^O-Cu  Single  Injection  Diodes 
(1)  Introduction 

In  Chapter  2  we  described  our  method  of  making 
C^O-Cu  diode  structures.  This  and  the  following  chapter 
will  give  the  results  on  the  study  of  the  forward  I-V  char¬ 
acteristics  of  these  diodes. 

As  mentioned  earlier,  after  the  Cu^O  crystal  has 
been  bonded  to  the  copper,  the  diode  structure  is  subject 
to  further  heat  treatment.  One  set  of  diodes  was  annealed 
in  high  vacuum  (-  10  ^  torr  at  800 °C)  and  the  other  set  an¬ 
nealed  at  higher  air  pressure  (-  1-2  torr  at  600°C) .  We 
shall,  from  now  on,  refer  to  the  first  set  as  the  vacuum- 
annealed  samples,  and  the  second  as  the  oxidized  samples. 

It  was  found  that  the  diodes  annealed  in  different 
conditions  have  very  different  characteristics.  It  was 
first  thought  that  annealing  of  these  diodes  in  different 
conditions  would  only  result  in  a  change  in  the  localized 
states  in  the  bulk  of  the  crystal,  as  had  been  found  in 
previous  studies  on  CU2O  crystals  (Bloem  1958,  Weichman  and 
Kuzel  1970b,  Zielinger  et.  al.  1972) .  However,  experimental 
results  indicate  that,  aside  from  this  change  in  localized 
states  in  the  bulk,  the  Cu-C^O  junction  has  also  been 
affected.  Certain  phenomena,  such  as  negative  resistance, 


' 
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appear  only  in  oxidized  samples.  This,  together  with  other 
experimental  results,  indicates  that  double  injection,  i.e. 
the  injection  of  holes  from  the  Pt  electrodes  and  electrons 
from  the  Cu-C^O  junction,  is  responsible  for  the  I-V  char¬ 
acteristics  observed  in  oxidized  samples.  The  vacuum- 
annealed  samples,  however,  show  the  characteristics  of  one- 
carrier  injection,  i.e.  injection  of  holes  from  Pt  elec¬ 
trodes  only.  This  forces  us  to  the  conclusion  that  anneal¬ 
ing  at  the  higher  air  pressure  converts  the  Cu-C^O  junc¬ 
tion  to  a  more  efficient  electron-injecting  electrode. 

We  shall  give,  in  this  chapter,  the  theory  on  one- 
carrier  space-charge-limited  conduction  and  the  experimen¬ 
tal  results  on  the  vacuum-annealed  samples.  Conclusions 
can  be  drawn  from  these  results  regarding  the  distribution 
of  localized  states  in  the  bulk  of  C^O  crystal. 

The  oxidized  samples,  on  the  other  hand,  will  be 
discussed  in  the  next  chapter,  together  with  the  theory  on 
double  injection. 

We  should  mention  here  that  all  the  I-V  character¬ 
istics  discussed  in  the  following  two  chapters  (chapters 
4  and  5)  are  for  the  forward  biased  condition  unless  spec¬ 


ified  otherwise. 
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(2)  Theory  on  one-carrier  space-charge-limited  conduction: 

In  deriving  Ohm's  law  in  solids,  the  condition  of 
charge  neutrality  is  always  assumed.  In  this  case,  the 
thermally  excited  carriers  are  the  free  carriers  whose 
motion  constitute  the  current.  The  potential  distribution 
between  the  electrodes  is  approximately  linear.  As  a  re¬ 
sult,  the  current  density  is  given  by 

J  =  e  (noyn  +  poyp)  £  (4-1) 

or,  J aV 

If  only  one  type  of  carrier  (either  electrons  or 
holes)  is  injected  into  a  semiconductor  or  insulator,  it 
is  obvious  that  space  charge  will  build  up  inside  the 
bulk  as  each  injected  carrier  contributes  one  excess  elec¬ 
tronic  charge  to  the  solid.  This  can  occur  if  one  of  the 
electrodes  is  an  electron-injecting  contact  and  the  other 
a  hole-blocking  contact  or  vice  versa.  When  the  density 
of  injected  carriers  becomes  comparable  or  larger  than 
the  density  of  thermally  excited  carriers  inside  the 
solid,  the  charge  neutrality  condition,  which  is  a  re¬ 
quirement  for  the  observation  of  ohmic  conduction,  will 
not  hold.  Deviations  from  ohm's  law  will  then  be  ob¬ 
served. 

A  simple  analogy  of  the  build  up  of  space  charge 
inside  solids  as  discussed  above  occurs  in  vacuum  tube 
diodes.  Electrons  are  injected  from  the  heated  cathode 
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and,  under  an  applied  voltage,  are  accelerated  towards  the 
anode.  When  the  density  of  injected  electrons  is  high, 
space  charge  builds  up  in  the  vacuum  space  between  cathode 
and  anode.  For  the  sake  of  convenience  in  comparison  with 
the  case  of  semiconductors  later,  the  starting  equations 
for  space-charge-limited  (SCL)  conduction  in  vacuum  are: 

Poisson's  equation. 


d2V  _  en 
dx2  eo 

Conservation  of  energy  for  each  electron, 

%mv2  =  eV 
Current  equation, 

J  senv 


(4-2) 


(4-3) 


(4-4) 


The  solution  for  the  current-voltage  characteris¬ 
tics  in  this  case  are  well  known  to  be  the  Langmuir- 
Child'  s  law  or  three-halves  power  law: 

IaV3//2  (4-5) 

The  principle  of  space  charge  conduction  in  semi¬ 
conductors  is  similar  to  that  of  vacuum  tube  diodes, 
though  there  are  differences  in  detail.  Fig.  12  shows 
the  band  diagram  of  semiconductor  and  that  of  the  metal 
contacts.  The  semiconductor  is  assumed  to  be  p-type. 

In  the  figure,  holes  are  injected  from  the  anode 
into  the  valence  band  of  the  semiconductor.  These  injec¬ 
ted  carriers,  together  with  the  thermally  excited  ones, 
are  responsible  for  the  current  flow  under  applied  voltage. 


( 
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Fig.  12.  Schematic  energy-band  diagram 

of  a  p-type  semiconductor  under 
forward  bias  condition.  Holes 
are  injecting  from  the  anode. 
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Although  the  overall  picture  is  similar  to  that  of 
vacuum  tube  diodes,  there  are  several  additional  factors 
that  should  be  taken  into  consideration  in  the  case  of 
semiconductors . 

(a)  At  a  given  temperature,  there  are  a  substan¬ 
tial  number  of  thermally  excited  free  charge  carriers  in¬ 
side  the  crystal. 

(b)  There  are  collisions  of  charge  carriers  with 
thermal  vibrations  of  the  host  lattice  (phonons) ,  and  with 
chemical  impurities  and  structural  imperfections  in  the 
crystal . 

(c)  There  are,  inside  the  band  gap,  localized  en¬ 
ergy  states  that  act  as  traps  for  the  charge  carriers. 

The  existence  of  thermally  excited  carriers  re¬ 
sults  in  the  occurrence  of  ohmic  conduction  at  low  applied 
voltages,  when  the  density  of  injected  carriers  is  small. 
For  perfect  crystal,  deviation  from  Ohm's  law  occurs  when, 

p±  =  pQ  (4-6) 

where  p.  is  the  average  density  of  injected  holes,  and  p 
1  o 

the  density  of  thermally  excited  carriers. 

The  total  injected  charge  can  be  roughly  estimated 

as , 

Qi  -  cv  -  *  £  v 

where  C  is  the  capacitance  of  the  sample,  V  the  applied 
voltage,  e  the  dielectric  constant,  A  the  area  of  the  in¬ 
jecting  electrode,  L  the  thickness  of  the  sample. 
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The  average  density  of  injected  charge  carriers 
will  then  be, 

p.  =  ft  =  _£V 

*1  eAL  eL2 
Thus  condition  (4-6)  gives. 


where  V  is  the  transition  voltage  between  the  ohmic  con¬ 
duction  regime  and  the  space-charge-limited  conduction 
regime. 

eL2p  , 

Thus,  V  -  - —  =  - -  (for  a  perfect  crystal) 

u  e  p  e  y 

where  p  is  the  resistivity  of  the  crystal  and  y  the  mobil¬ 
ity  of  the  carriers. 

Because  of  collisions  of  carriers  with  phonons, 
impurities  and  defects,  the  relation  ^mv  =  eV  cannot  be 
used  here.  Instead,  the  relation  between  velocity  and 
field  v  =  y  £  should  be  used.  The  mobility  y  is  approxi- 

*4- 

mately  constant  at  low  field  and  depends  on  E  at  high 
fields  in  most  cases. 

It  is  well  known  that,  in  solids,  some  impurities 
and  defects  can  result  in  the  existence  of  localized  en¬ 
ergy  states  within  the  band  gap.  These  states  can  act  as 
traps  for  charge  carriers.  As  a  result,  not  all  injected 
carriers  contribute  to  the  current  since  the  charge  car¬ 
riers  can  occupy  these  localized  (trapping)  states  for 
non-negligible  length  of  time. 


t 
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The  current-voltage  characteristics  for  space- 


charge-limited  (SCL)  conduction  in  semiconductors  can  be 
obtained  in  the  same  way  as  that  of  vacuum  tube  diodes. 

As  mentioned  earlier,  because  of  collisions,  the  relation 


2 

i^mv  =  eV,  used  in  the  case  of  vacuum  tube  diodes,  cannot 


be  used.  Instead,  the  relation  v  =  y  E  should  be  used. 
The  current  equation  is  given  as, 


J  =  epv  -  eD  —■ 


(4-7) 


ted,  as  it  is  important  only  near  the  injecting  electrode. 
As  a  result,  the  current  equation  is  approximately  given 


by, 


(4-8) 


J  -  epv 


The  current-voltage  characteristic  of  SCL  conduc¬ 


tion  in  solids  depends  on  the  trap  distribution.  A  few 
cases  are  considered  as  follows: 

(a)  Perfect  trap-free  semiconductors: 

This  is  the  simplest  idealized  case  in  solids. 
The  starting  equations  are: 


(4-9) 


v  =  uE 


(4-10) 


J  =  epv 


(4-11) 


and  the  boundary  condition  is  taken  as 


E  =  0  at  x  =  0 


(4-12) 


where  the  injecting  contact  is  taken  at  x  =  0  . 
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The  solution  for  current-voltage  characteristics 


is 


9  V2 

“  8  TJ 


(4-13) 


or 


JaV2 


(4-14) 


For  the  case  of  field-dependent  mobility  of  the 


form, 


y (E)  a  E 


(4-15) 


The  current-voltage  characteristic  is  given  by 


(Lampert  and  Mark,  1970)  : 


(4-16) 


(b)  Semiconductors  with  traps: 

In  real  solids,  it  is  understandable  that  the  ex¬ 
istence  of  traps  can  affect  the  current-voltage  charac¬ 
teristics  as  some  of  the  injected  carriers  are  trapped  and 
do  not  contribute  to  the  current. 

In  this  case,  the  right  hand  side  of  Poisson's 
equation  should  include  an  additional  term,  the  density 
of  trapped  carriers  pt .  Thus  the  starting  equations  are, 


(4-17) 


(4-18) 


v  =  yE 


(4-19) 


J  =  epv 


To  solve  the  above  equations,  we  need  additional 


information  about  the  relation  between  p  and  pfc.  This  is 
where  the  trap  distribution  comes  into  the  problem.  The 
case  of  single-level  shallow  traps  (Fig.  13)  and  also  the 
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conduction  band 


Fermi  level,  E 

F,o 

Trapping  level,  E 


valence  band 


Fig.  13. 


Schematic  energy-band  diagram  of  a  semi¬ 
conductor  with  shallow  traps  at  energy 


( 


>  > 


1) 


case  of  a  distribution  of  traps  following  an  exponential 
decrease  in  density  with  energy,  as  sketched  in  Fig.  14, 
are  considered  below. 
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(i)  Semiconductors  with  single-level  shallow  traps: 

Consider  the  case  of  semiconductor  with  a  hole 

trap,  E  ,  which  lies  below  the  quasi-Fermi  level  E_,  in 
u  r 

such  a  way  that, 


1 


(4-20) 


A  hole  trap  satisfying  this  relation  is  said  to  be  shallow. 
Also  the  density  of  free  carriers  is  given  by, 


p  =  Nv  exp 


(- 


) 


The  density  of  trapped  carriers  is  given  by. 


N 


1  +  -  exp  [- 


(Et-EF) 


kT  J 


where  N  is  the  density  of  traps,  and  g  the  degeneracy 
factor. 


For 


(E  -E.)/kT  >>  1,  we  have 
F  t 


Pt  g\  exp  '•  -Et-J  -  6 


P 


(4-21) 


This  is  the  additional  constraint  required  to 


solve  the  problem. 

Using  (4-17)  and  (4-21) ,  we  have, 


taf  =  (1  +  b  p 


(4-22) 
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E 

c 


E 

o 

E 

v 


Fig.  14.  Schematic  energy-band  diagram  of  a  semi¬ 
conductor  with  a  distribution  of  traps 
following  an  exponential  decrease  in 
density  with  energy. 

(Ep  2  Fermi  level  at  thermal  equilibrium. 
Ep  :  quasi-Fermi  level.) 
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In  practice,  most  of  the  charge  carriers  are 
trapped.  The  factor  1/0  is  usually  very  large.  As  a  con¬ 
sequence,  we  have,  from  (4-22)  , 

I  §  “  ?  ?  <for  |  »  i)  <4'23> 

By  solving  (4-18) ,  (4-19)  and  (4-23) ,  we  have  the 

current-voltage  characteristic,  for  the  case  of  shallow 
trapping,  given  by, 

9  V2 

J  “  8  9  £U  TJ  (4-24) 

The  functional  relation  between  J  and  V  is  the 
same  as  that  of  perfect  solids,  i.e.  JaV2.  However,  since 
the  factor  0  is  usually  very  small,  the  SCL  current  in 
this  case  is  much  smaller  than  that  of  perfect  solids. 

(ii)  Semiconductors  with  traps  of  exponential  distribu¬ 
tion  : 

Again,  we  need  an  additional  relation  between  p 
and  p  in  order  to  solve  the  equations  (4-17) ,  (4-18)  and 
(4-19) . 

Consider  a  trap  density  distributed  in  the  form, 

E-E 

Nt(E)  =  Nq  exp  [-  -jgJ] 

where  Tc  is  the  characteristic  temperature  which  deter¬ 
mines  the  rate  at  which  density  of  states  decreases  as 
energy  increases,  Eq  the  lowest  energy  traps,  and  nq  the 
density  of  traps  at  that  energy.  Fig.  14  shows  the 


■ 
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variation  of  states  with  respect  to  energy. 
The  density  of  filled  hole  traps. 


V 

f 

E 


NQ  exp  (■ 


Tt  1 

c 


1  +  ^p  (4_) 


-E 


kT 


-  f  N  exp  (- 


E-E 

< 

Et~ 


E-E 

=  N  kT  exp  (-  -4-—-°) 
o  c  ^  kT 


The  density  of  free  holes, 

E-E 

p  =  Nv  exp  ( - 

Thus ,  we  have 

T 

c 

T 

Papt 


(4-25) 


Using  (4-25) ,  together  with  (4-17) ,  (4-18)  and 
(4-19) ,  the  solution  for  I-V  characteristics  in  this  case 
can  be  shown  to  be 


J 


„  (l-£)  ,  el  ,1  ,2-e+l,  U+1)  V£+1 

NvMpe  n  (ZTI)]  (-£Tr>  721+1 

c  S  L 


(4-26) 


T  j? 

where  l  =  =£,  and  N  =  N  kT  exp  (  -2 — 1) 
1  s  o  c  ^  ^  kT 


The  detailed  procedure  for  solving  the  equation 


was  given  by  Mark  and  Helfrich  (1962). 
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The  relation  JaV  was  first  obtained  by  Rose 
(1955) .  A  more  exact  form  was  derived  by  Mark  and 
Helfrich  (1962) . 

Comparing  (4-24)  and  (4-26) ,  we  see  that  a  single 
.  2 

discrete  level  gives  a  JaV  relation,  while  an  exponential 

distributed  trap  gives  a  higher  power  relation,  JaV^+^ 

T_ 

(£  =  >  1)  .  Thus,  if  the  conduction  mechanism  has  been 

established  from  other  experimental  results  to  be  a  single¬ 
carrier  space-charge-limited  conduction,  we  can  deduce  the 
type  of  localized  states  inside  the  crystal  from  the  I-V 
relation.  This  method  has  been  proved  to  be  very  powerful 
in  the  past  as  a  probe  for  the  localized  states  inside 
semiconductors  or  insulators. 

In  the  following,  we  shall  show  that  single-carrier 
space-charge-limited  conduction  is  the  mechanism  involved 
in  the  vacuum-annealed  CU2O  diodes.  The  type  of  localized 
states  in  the  bulk  are  then  discussed. 
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(3)  Experimental  results  -  vacuum-annealed  samples 

3-1  Introduction 

The  electrical  properties  of  Cu^O  have  long  been 
known  to  depend  on  the  way  it  has  been  heat-treated.  An¬ 
nealing  at  high  vacuum  or  in  a  gas  mixture  with  low  oxygen 
partial  pressure  was  found  to  create  high  resistivity, 
while  annealing  in  gas  mixture  with  higher  oxygen  partial 
pressure  was  found  to  have  lower  resistivity.  This  is 
usually  explained  by  the  variation  of  the  density  of  Cu+ 
vacancies  inside  the  crystal  when  annealed  in  different 
oxygen  partial  pressure.  It  was  accepted  that  each  Cu+ 
vacancy  results  in  an  acceptor  state  and  the  density  of  Cu+ 
vacancies  depends  on  the  previous  heat  treatment  the  crys¬ 
tal  has  received.  Although  this  concept  of  single-level 
acceptor  states  due  to  Cu+  vacancies  was  able  to  explain 
some  experimental  results  in  the  past,  it  failed  to  account 
for  others,  such  as  why  there  is  a  wide  variation  of  acti¬ 
vation  energies  (from  about  0.1  ev  to  about  1  ev)  from  one 
crystal  to  another  (Zielinger  et.  al.  1972)  .  The  experi¬ 
mental  results  by  Zielinger  et.  al.  also  showed  the  activa¬ 
tion  energies,  Ea ,  and  the  resistivity  at  room  temperature, 
P,  of  the  crystals  are  more  or  less  related  as  follows, 

p  a  exp  ($E  )  (4-27) 

cl 

which  is  sometimes  called  the  Meyer-Neldel  rule.  The  re¬ 
sults  of  Zielinger  et.  al.  are  shown  in  Fig.  15.  Noguet 
et.  al.  (1974)  attempted  to  account  for  the  wide  variation 
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Fig.  15.  The  activation  energies  of  Cu^O 

crystals  versus  their  correspond¬ 
ing  resistivity  at  20°C.  (After 
Zielinger  et.  al.  1972) . 
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of  activation  energy  by  assuming  a  continuous  distribution 
of  acceptor  states.  They  also  pointed  out  that  the  results 
on  the  optical  absorption  coefficient  obtained  by  Prevot  on 
CU2O  support  their  assumption. 

The  discussion  in  section  2  of  this  chapter  has 
clearly  shown  that  the  type  of  localized  trapping  states 
for  majority  carriers  in  a  crystal  can  be  probed  by  inject¬ 
ing  majority  carriers  into  the  crystal  and  observing  I-V 
characteristics  in  the  space-charge-limited  (SCL)  conduc¬ 
tion  regime.  Since,  under  injection  condition,  acceptor 
states  can  serve  as  hole  traps  for  the  injected  holes,  a 
probing  of  the  acceptor  states  in  Cu20  by  the  method  of 
single  carrier  injection  can  be  achieved  in  suitable  struc¬ 
tures  . 

As  we  will  report  below,  experimental  results  on 
the  vacuum- annealed  Cu20  diodes  show  explicitly  the  char¬ 
acteristics  of  SCL  conduction  due  to  one  carrier  injection. 
The  study  of  the  I-V  characteristics  of  these  samples  can 
therefore  reveal  the  type  of  localized  states  in  the  bulks 
of  these  samples. 

The  following  sections  are  intended  to  establish 
the  fact  that  SCL  conduction  due  to  one-carrier  injection 
is  responsible  for  the  I-V  characteristics  of  the  vacuum- 
annealed  samples.  This  is  achieved  through  the  following 
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(i)  A  transition  from  ohmic  conduction  to  a  re¬ 
gime  with  current  and  voltage  in  higher  power  relation  is  ob¬ 
served  . 

(ii)  The  relation  between  the  current  and  the 
thickness  of  the  C^O  single  crystal  at  fixed  voltage,  in 
the  regime  where  I  and  V  are  related  by  higher  power  rela¬ 
tion,  closely  agree  with  theoretical  prediction  for  the  in¬ 
jection  regime. 

(iii)  The  study  of  the  effect  of  photomemory  on  the 
I-V  characteristics  of  the  diode  also  suggested  that  the 
I-V  characteristics  are  those  of  injection  diodes. 

(iv)  A  pulse  test  established  that  the  conduction 
is  due  to  one-carrier  injection  rather  than  two  carrier  in¬ 
jection. 

We  shall  now  discuss  the  above  experimental  re¬ 
sults  in  detail. 


3 . 2  Forward  I-V  characteristics  of  vacuum- annealed  samples: 

The  I-V  characteristics  reported  below  were  ob¬ 
tained  after  the  sample  had  been  preheated  in  vacuum  at 
about  200 °C  to  eliminate  the  surface  current  (i.e.  by  the 
vacuum-preheating  method  described  in  chapter  2) .  Measure¬ 
ments  were  carried  out  with  samples  kept  in  He  atmosphere. 

Fig.  16  shows  the  I-V  characteristics  of  sample 
SD-10  at  a  temperature  of  270°K.  An  ohmic  region  is  clearly 
seen  at  lower  voltages.  At  about  30  volts,  a  deviation 
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Fig.  16.  The  forward  I-V  characteristic  of  vacuum-annealed 
sample  SD-10  at  a  temperature  of  270 °K. 
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from  Ohm's  law  is  observed.  After  a  short  transition,  a 

O  £ 

steeper  I-V  characteristics  of  the  form  IaV  *  occurs  over 
a  current  range  of  about  two  orders  of  magnitude. 

Fig.  17  shows  the  I-V  characteristics  of  the  same 
sample  at  other  temperatures.  Comparing  the  characteris¬ 
tics  at  270 °K  with  those  at  298 °K,  we  see  that  the  steep 
2  6 

region,  IaV  *  ,  is  strongly  temperature  dependent.  We 

will  show  later  that  this  temperature-dependence,  is  not 
related  to  the  increase  of  thermally  excited  carriers, 
which  are  responsible  for  the  temperature  dependence  in 
the  low-voltage  ohmic  region. 

Because  of  limited  power  dissipation,  the  steep 
region  cannot  be  reached  at  higher  temperatures  (Fig.  17)  . 
This  is  rather  unfortunate  as  more  information  could  have 
been  revealed  had  this  been  permissible. 

Another  interesting  plot  is  given  in  Fig.  18  which 
shows  the  forward  conductance  I/V  in  the  ohmic  regime  of 
the  I-V  characteristics  with  respect  to  the  reciprocal  of 
absolute  temperature  1/T.  This  plot  shows,  within  the 
temperature  range  shown,  the  conductivity  has  the  usual 
behavior , 

_  E 

I  ,  a . 

-  a  exp  (-  j^r)  , 

with  activation  energy  =  0.58  ev. 

This,  together  with  the  strong  thickness  depend- 
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ence  of  current  in  the  IaV  *  region  shown  later,  suggests 
that,  within  the  temperature  range  shown  and  throughout 
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Fig.  17. 


The  forward  I-V  characteristics  of  vacuum- 
annealed  sample  SD-10  at  various  temperatures. 
(Both  axes  are  on  a  logarithmic  scale.) 
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Fig.  18. 


The  forward  conductance  of  sample  SD-10  versus 
the  reciprocal  of  absolute  temperature.  (The 
vertical  axis  is  on  a  logarithmic  scale.) 
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the  voltage  range  accessible,  a  well-behaved  bulk  region 
is  responsible  for  the  I-V  characteristics  observed.  The 
voltage  drops  across  the  Pt-Cu20  contact  and  the  Cu20-Cu 
junction  are  negligible.  This  is,  of  course,  supported  by 
the  presence  of  a  well-behaved  ohmic  region  at  low  volt¬ 
ages  . 


3 . 3  Current-thickness  relation: 

Although  a  power  relation  in  the  current-voltage 
characteristics  over  a  considerable  range  of  currents  is 
a  good  indication  of  injection  regimes,  a  study  of  current¬ 
thickness  relation  at  a  fixed  voltage  is  necessary  if  the 
interpretation  is  to  be  unambiguous. 

As  shown  by  Lampert  and  Mark  (1970) ,  the  I-V  char¬ 
acteristics  in  the  injection  regime  have  the  general  form, 


J 

L 


) 


(4-28) 


if  the  carrier  mobility  is  independent  of  the  applied 
field.  The  function  f (x)  depends,  of  course,  on  the  type 
of  localized  states  involved  as  we  discussed  in  section  2 
of  this  chapter.  The  relation  (4-28)  is  the  universal 
scaling  law  for  injection  regimes.  A  distinctive  feature 
of  relation  (4-28)  is  the  current  and  thickness  relation 
which  is  very  different  from  that  caused  by  other  effects. 

An  example  of  relation  (4-28)  is  equation  (4-26) 


where  we  have , 


I 

. 
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(4-29) 


which  can,  of  course,  be  written  as, 


J  ( 

L  “  L2 


l+l 


(4-30) 


which  agrees  with  (4-28) . 


As  shown  in  Fig.  16,  the  current  and  voltage  has 
2  6 

the  relation  IaV  *  ,  i.e.  with  l  =  1.6.  Thus,  from  (4-29), 
the  current-thickness  relation  at  constant  voltages  in  that 
regime  would  be, 
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Thickness  tests  have  been  carried  out  in  sample 
SD-10.  The  thickness  is  reduced  by  repeatedly  etching  in 
dilute  HNO^ .  Fig.  19  shows  the  results.  The  current  den¬ 
sity  shown  corresponds  to  an  applied  voltage  of  300  volts, 

2  6 

which  is  inside  the  IaV  *  regime.  A  least  square  fit  for 
the  data  gives  a  slope  of  4.0  which  is  rather  close  to  the 
predicted  value  of  4.2. 


3 . 4  The  photomemory  effect  and  the  forward  I-V  character¬ 
istics  of  vacuum-annealed  diodes: 

CU2O  has  long  been  known  to  exhibit  a  photomemory 
effect  (Kuzel  1961,  Zouaghi  et.  al.  1970,  Tapiero  et.  al. 
1976) .  This  effect  involves  the  enhancement  of  dark 
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Fig.  19,  The  current  at  300  volts  versus  the  thickness  of 
the  CU2O  single  crystal  (vacuum- annealed  sample) . 
Both  axes  are  on  a  logarithmic  scale. 
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conductivity  of  a  C^O  crystal  after  exposure  to  light. 

The  enhancement  is  especially  prominent  in  high  resistiv¬ 
ity  crystals.  Kuzel  (1961)  demonstrated  that  the  photo¬ 
memory  effect  is  a  bulk  rather  than  surface  effect,  and 
Zouaghi  et.  al.  (1970)  further  showed  that  the  enhancement 
in  conductivity  is  due  mainly  to  the  increase  in  the  dens¬ 
ity  of  free  holes,  although  the  hole  mobility  is  also 
slightly  affected. 

Recently,  the  results  of  Tapiero  et.  al.  (1976) 
indicated  that  the  increase  of  free  holes  can  be  caused  by 
the  trapping  of  photoelectrons  by  some  deep  electron  traps. 
During  the  optical  excitation  process,  electrons  are  ex¬ 
cited  from  the  valence  band  or  from  ionized  centers  to  the 
conduction  band  and  are  subsequently  captured  by  the  deep 
electron  traps.  If  the  temperature  is  sufficiently  low, 
the  electrons  will  stay  in  the  traps  even  after  the  light 
is  removed.  A  pseudo-equilibrium  will  be  established  in 
the  valence  band-acceptor  system  and  more  free  holes  are 
created . 

As  we  have  discussed  in  section  3.2,  the  Cu^O 
single-crystal  bulk  region  is  responsible  for  the  forward 
I-V  characteristics  of  the  diodes.  The  dark  current  in 
the  low-voltage  ohmic  regime  of  the  forward  I-V  character¬ 
istics  is  therefore  expected  to  be  affected  by  the  photo¬ 
memory  effect.  An  example  showing  the  effect  of  exposure 
to  light  on  the  dark  forward  current  is  shown  in  Fig.  20, 
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Fig.  20.  Dark  current  versus  time  of  light  exposure  (photo¬ 
memory  effect) ,  at  10  volts. 

Curve  (1)  corresponds  to  a  light  intensity  of  60 
watt  light  bulb  at  8  inches  distance. 

Curve  (2)  corresponds  to  a  light  intensity  of  60 
watt  light  bulb  at  4  inches  distance. 

(Sample  SD-5) 
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where  the  dark  current  is  plotted  against  cumulative  ex¬ 
posure  time.  The  current  reading  was  taken  approximately 
half  an  hour  after  the  light  had  been  switched  off.  Curve 

(1)  corresponds  to  a  light  intensity  of  a  60  watt  light 
bulb  at  8  inches  distance  and  is  less  than  that  of  curve 

(2)  (the  same  light  bulb  at  4  inches  distance) .  As  shown 
in  the  figure,  the  enhancement  of  the  conductivity  still 
proceeds  even  after  5  hours  of  light  exposure,  although 
the  rate  of  enhancement  does  slow  down. 

As  mentioned  above,  the  results  by  Zouaghi  et.  al . 
(1970)  show  that  the  density  of  holes,  p  can  be  in¬ 
creased  by  the  exposure  to  light.  This  method  of  increas¬ 
ing  the  density  of  holes,  pQ " ,  is  useful  because  it  is  not 
accompanied  by  a  change  in  lattice  temperature. 

We  have  used  this  method  to  increase  the  density 
of  holes,  p  "  ,  and  studied  the  variation  in  I-V  character¬ 
istics  due  to  this  increase.  If  single-injection  SCL  con¬ 
duction  is  the  mechanism  involved,  the  increase  of  p  " 

would  increase  the  ohmic  current  and  extend  the  ohmic 

2  6 

region  to  higher  voltages,  but  the  IaV  *  regimes  of  the 
curves  taken  after  different  light  exposures  should  merge. 
This  is  clearly  supported  by  the  experimental  results 
shown  in  Fig.  21.  The  lowest  curve  (points  •  )  corres¬ 
ponds  to  the  I-V  characteristics  after  the  sample  has  been 
preheated  to  about  200 °C  to  erase  any  previous  photomemory. 
The  erasure  of  photomemory  by  heating  is  more  clearly 
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Fig.  21.  The  forward  I-V  characteristics  of  vacuum- 
annealed  sample  SD-10  at  temperature  273 °K. 

©  data  taken  after  the  sample  had  been  pre¬ 
heated  to  200°C  to  erase  any  previous 
photomemory . 

o]  data  taken  after  the  sample  had  been  ex- 
A >  posed  to  light  in  increasing  order  of 
of  total  flux. 
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shown  in  Fig.  6  of  chapter  2.  The  three  upper  curves 
(points  o,  A,  °  respectively)  in  Fig.  21  correspond  to  the 
dark  I-V  characteristics  after  the  sample  has  been  exposed 
to  light.  The  increase  of  the  conductivity  is  obvious  in 
the  ohmic  region.  The  IaV  *  regimes  in  various  curves 
merges  at  higher  voltages. 

This  experiment  clearly  demonstrates  that  the  car¬ 
riers  that  dominate  the  ohmic  conduction  regime  play  little 

2  6 

role  in  the  conduction  mechanism  in  the  IaV  regimes. 

This  is  consistent  with  the  concept  of  one-carrier  SCL  con¬ 
duction  since  conduction  in  this  regime  is  dominated  by 
the  injected  carriers,  rather  than  the  thermally  excited 
carriers  which  are  responsible  for  the  ohmic  regime. 


3 . 5  The  transient  current  response  to  a  voltage  step: 

The  DC  measurement  of  I-V  characteristics  and  the 
thickness  test  described  above  have  proven  that  excess 
carrier  injection  is  the  cause  for  higher  power  relation 
between  current  and  voltage  observed  in  the  vacuum-annealed 
samples.  We  shall  briefly  give  here  another  piece  of  ex¬ 
perimental  evidence,  regarding  the  transient  current  re¬ 
sponse  to  a  voltage  step,  to  support  this  interpretation. 

Instead  of  the  DC  power  supply  used  in  the  DC 
measurement,  a  Velonex  high  power  pulse  generator  (model 
350)  is  used  to  supply  square  pulses  across  the  sample  and 
the  series  resistance.  Fig.  22  shows  the  oscillogram  of 


Fig.  22 . 


The  transient  current  response  to  a  voltage  step. 
Upper  trace:  square  voltage  pulse 

scale:  horizontal  10  ysec/cm. 

vertical  100  V/cm. 

Lower  trace:  current  response 

scale:  horizontal  10  ysec/cm 

vertical  5  x  10”4  A/cm 
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the  input  voltage  pulse  (top)  and  the  corresponding  current 
response  (bottom) .  The  height  of  the  pulse  (170  volts)  is 
chosen  to  be  large  enough  to  bias  the  sample  in  the  IaV  ’ 
regime  in  DC  measurement.  As  shown  in  Fig.  22,  at  the  on¬ 
set  of  the  pulse,  a  sharp  initial  increase  of  current  is 
observed,  followed  by  a  decay. 

The  current  response  is  typical  of  that  of  single¬ 
carrier  SCL  diodes  (Lemke  1966,  Lemke  and  Muller  1967). 

The  current  decay  is  caused  by  trapping  of  injected  carri¬ 
ers.  We  shall  not  go  into  the  analysis  of  transient  re¬ 
sponse  in  greater  detail,  but  quote  a  theoretical  result 
by  Lemke  (1966)  in  Fig.  23  for  the  purpose  of  comparison. 

This  experiment  serves  to  establish  that  single¬ 
carrier  injection,  rather  than  double  injection,  is  respon¬ 
sible  for  the  power  relation  observed  in  I-V  characteris¬ 
tics.  In  the  case  of  double  injection,  the  transient  re¬ 
sponse  is  quite  different  from  what  we  observed.  The 
transient  response  in  double  injection  diodes  have  been 
discussed  by  Baron  et.  al.  (1966) ,  Marsh  and  Viswanathan 
(1967),  Dean  (1968,  1969)  and  Baron  and  Mayer  (1970).  It 
was  found  that,  in  that  case,  after  the  on-set  of  the  volt¬ 
age  step,  a  rise  in  current  to  its  steady-state  value  is 
observed  rather  than  a  decay  in  current  as  in  the  case  of 
single  carrier  injection  with  trapping. 
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Fig.  23.  Transient  current  for  single¬ 
carrier  SCL  diode  in  response 
to  a  voltage  step,  with  trap 
present. 

t  =  trapping  time 
c 

(theoretical,  after  Lemke  1966) 
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(4 )  Conclusion  for  chapter  4: 

In  this  chapter,  we  have  shown  that  the  various  ex¬ 
perimental  results  all  indicate  that  the  I-V  characteris¬ 
tics  of  the  vacuum-annealed  samples  are  those  of  single¬ 
carrier  SCL  conduction.  The  results  also  indicate  that  a 
continuous  distribution  of  localized  states  exist  in  the 
bulk . 

The  existence  of  the  continuous  localized  states 
in  C^O  crystals  agrees  with  the  suggestion  made  by  Noguet 
et.  al.  in  an  attempt  to  explain  the  wide  variation  of  acti¬ 
vation  energies  of  C^O  and  other  experimental  results  in 
optical  absorption  experiments. 
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Chapter  5 

Cu^O-Cu  Double  Injection  Diodes 
(1)  Introduction 

In  chapter  4 ,  we  have  reported  the  results  on 
vacuum- annealed  samples.  Their  forward  I-V  characteris¬ 
tics  exhibit  power  relations.  The  results  of  various  ex¬ 
periments  showed  that  they  are  single  injection  diodes. 

A  different  set  of  samples  which  were  annealed  at 
higher  air  pressure  (-  1-2  torr  at  600°C  for  over  10  hours) , 
shows  different  characteristics.  The  bulk  material  of 

g 

these  oxidized  samples  has  lower  resistivity  (-  10  ft -cm) 
than  those  annealed  at  higher  vacuum.  They  also  exhibit 
a  power  relation  in  the  I-V  characteristics.  However,  in 
addition  to  this,  negative  resistance  has  been  observed  at 
lower  temperatures.  These  characteristics,  together  with 
other  experimental  results,  indicate  that  double  injec¬ 
tion,  i.e.  injection  of  holes  from  one  electrode  and  elec¬ 
trons  from  the  other,  is  responsible  for  the  behaviour  of 
these  diodes. 

In  the  last  chapter,  SCL  conduction  due  to  one 
carrier  injection  was  discussed  in  detail.  In  that  case, 
only  one  type  of  carrier  (either  holes  or  electrons)  are 
injected  into  the  bulk.  Therefore,  every  injected  carrier 
contributes  to  the  space  charge. 
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However,  when  one  of  the  electrodes  is  capable  of 
injecting  electrons,  while  the  other  is  capable  of  inject¬ 
ing  holes,  a  two  carrier  injection  current  can  be  observed 
under  application  of  voltage  with  the  proper  polarities. 
Because  of  recombination  and  charge  neutralization,  not 
all  injected  charges  contribute  to  the  space  charge.  Al¬ 
so,  since  the  electrons  and  holes  are  injected  at  opposite 
electrodes  which  are  at  a  finite  distance  away  from  each 
other,  the  neutralization  will  be  incomplete.  However,  in 
some  cases,  an  assumption  of  quasineutrality  condition  can 
be  used  to  simplify  the  solution.  A  variety  of  I-V  char¬ 
acteristics  and  also  some  other  interesting  phenomena  can 
be  observed  as  results  of  double  injection. 

The  problem  of  double  injection  has  been  attacked 
(Lampert  1959,  Lampert  and  Rose  1961,  Lampert  1962,  Lampert 
and  Mark  1970,  Baron  and  Mayer  1970)  using  various  approx¬ 
imations.  In  the  following  sections,  we  shall  first  give 
a  brief  discussion  on  the  general  theoretical  approach  of 
the  problem  of  double  injection.  The  case  of  semiconduc¬ 
tors  with  large  numbers  of  deep  recombination  centers  is 
then  reviewed.  After  that,  the  experimental  results  on 
Cu20  diodes  are  compared  with  the  theoretical  results. 


. 


1 

' 


81 


(2)  General  theoretical  approach  to  double  injection 

The  starting  equations  for  treating  the  double  in¬ 
jection  problem  are  those  which  apply  to  all  problems  of 
current  flow  in  semiconductors  and  insulators.  They  are, 
The  Poisson's  equation: 

—  =  6p  -  6n  -  6n  (5-1) 

e  dx  r  R 


where  E  is  the  electric  field,  Sn ,  6p  the  densities  of  the 

excess  injected  electrons  and  holes  respectively,  while  fin- 

K 

is  the  change  in  the  density  of  electrons  occupying  recom¬ 
bination  centers  under  injection  condition  as  compared  to 
the  density  at  thermal  equilibrium,  x  is  the  distance  in¬ 
side  the  crystal  (taking  x  =  0  at  the  anode) ,  and  e  the 
dielectric  constant  of  the  crystal. 

The  continuity  equations : 


e  dx 


r 


(5-2a) 


dJ 

1  P 

- - —  =  r 

e  dx 


( 5-2b) 


where  J  ,  J  are  the  electron  and  hole  current  densities 
respectively,  and  r  the  rate  of  recombination. 

And  finally  the  current  flow  equations, 
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J  =  J  +  J 
n  p 


(5-3c) 


where  yn ,  y^  are  the  mobilities  of  electrons  and  holes  re¬ 
spectively,  n,  p  the  total  densities  of  electrons  and  holes 
respectively  (i.e.  n  =  nQ  +  Sn ,  p  =  pQ  +  6p)  ,  and  J  the 
total  current  density. 

For  a  specific  problem,  the  appropriate  boundary 
conditions  must,  of  course,  be  included.  In  general,  two 
boundary  conditions  are  required  to  solve  (5-1)  to  (5-3). 

In  the  case  of  double  injection,  because  of  some  approxima¬ 
tions  adopted  to  simplify  the  problem,  (5-1)  to  (5-3)  are 
reduced  to  solving  a  first  order  differential  equation  and 
thus  only  one  boundary  condition  can  be  imposed.  This  will 
be  discussed  later. 

Furthermore,  the  manner  of  recombination  will  also 
affect  the  solution.  Recombination  can  take  place  through 
localized  recombination  centers  or  accomplished  directly 
by  band  to  band  transitions.  For  wide  band  gap  semiconduc¬ 
tors,  such  as  Cu^O,  recombination  through  localized  recom¬ 
bination  centers  are  usually  the  dominant  mechanism.  A 
derivation  of  the  rate  of  recombination  for  this  mechanism 
is  given  in  Appendix  B. 
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(3)  Double  injection  in  insulators  or  semiconductors  with 

a  large  density  of  deep  centers: 

We  will  consider  the  case  of  a  p-type  semiconductor 
with  a  large  density  of  deep  recombination  centers  as  shown 
in  Fig.  24.  The  centers  are  assumed  to  be  acceptor-like, 
i.e.  they  are  negatively  charged  when  occupied  by  electrons 
and  neutral  when  empty.  The  state  E  is  assumed  to  be  well 
below  the  Fermi  level  E_  at  thermal  equilibrium,  i.e. 

■t  fO 

Ep  q  -  Ep  >>  kT .  As  a  result,  the  centers  are  mostly  occu¬ 
pied  by  electrons  at  thermal  equilibrium,  i.e.  nD  >>  , 

K  ,o  J^fO 

where  n  is  the  density  of  charged  centers  and  p_.  the 

■K  f  O  K  /  O 

density  of  neutral  centers  at  thermal  equilibrium. 

At  very  low  voltages,  the  current  is  mainly  carried 
by  thermally  excited  holes  in  the  crystal.  The  conduction 
is  therefore  ohmic  in  character. 

As  the  voltage  is  increased,  more  carriers  are  in- 
jected.  Deviation  from  ohmic  behaviour  occurs  when  the 
injected  carriers  dominate  the  conduction.  A  number  of 
regimes  can  occur  depending  on  the  injection  level. 

Since  the  acceptor-like  hole  traps  are  negatively 
charged  when  occupied  by  electrons,  the  capture  cross  sec¬ 
tion  for  holes  a  in  charged  centers  is  greater  than  the 

P 

capture  cross  section  for  electrons  aR  on  neutral  centers, 

i.e.  a  >  a  .  Also  since  n_.  >>  PD  ,  at  low  voltages 

p  n  KfO  k#o 

the  electron  lifetime,  given  by  x  _  =  — — — - - ,  is 


n,o  <c  >p 


n  R,  o 


greater  than  the  hole  lifetime,  given  by  x  =  - 

M  f  w  '  U 


'  nT-, 

P  R/O 


. 


' 


conduction  band 
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Schematic  energy-band  diagram 
for  a  semiconductor,  with  par¬ 
tially  filled  recombination  cen¬ 
ters,  at  thermal  equilibrium. 
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where  <cn> ,  <cp>  are  defined  in  Appendix  B. 

As  a  consequence,  the  injected  holes  are  mostly  trapped 
near  the  vicinity  of  the  anode.  The  current  is  then  main¬ 
ly  carried  by  the  injected  electrons  at  low  injection 
level . 


Let  us  begin  at  very  low  injection  level,  when  the 
change  in  the  density  of  ionized  centers,  I  6n  I ,  are  neg- 
ligible  compared  to  the  ionized  centers  at  thermal  equilib¬ 
rium,  nD  or  neutral  centers,  p^  .  That  is,  we  have 

K  ,  O  ,  K  ,  O 


n 


R,o 


>> 


R,  o 


>> 


The  rate  of  recombination,  as  derived  in  Appendix 
B,  is  given  by  (B-17)  and  (B-18) ,  i.e. 


r  =  t5p  nR,o 

+  (po  +  <5p  +  px)  <SnR] 

<c  > 

P 

(B-17) 

and 

r  =  t6n  PR(o 

-  (nQ  +  6n  +  n1)  SnR] 

<cn> 

(B-18) 

Adopting  the 

condition  n^  >> 

R,  o 

P^  >> 

^R,  o 

1  <5nR|  , 

(B-17) 

and  (B-18)  can  be  simplified  as, 

r  “  SP  nR,o' 

<c  > 

P 

(5-4) 

and , 

r  “  Sn  pR,o' 

<c  >  -  n  p^  • <c  > 
n  ^R,o  n 

(5-5) 

where  we  have  ignored  nQ  in  the  above  equation  since  we 
are  dealing  with  a  p-type  semiconductor.  An  important 
implication  of  (5-4)  and  (5-5)  is  that  the  lifetimes  of 
the  holes  and  electrons  in  this  regime  are  essentially 
constant  and  equal  to  the  values  at  thermal  equilibrium, 
that  is 


9 
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T 


p,o 


1 


<c 


p 


>n 


R,o 


and 


n 


-  T 


n,p 


<c  >p^ 
n  R,  o 


As  the  voltage  is  increased  further ,  the  injection 

level  increases.  A  new  regime  with  n  >>  |6n  I  >>  p 

R/O  R  R,  O , 

will  be  reached.  At  this  stage,  the  rate  of  recombination 
is  given  by, 

r  ‘  6P  nR,o  <c p>  (5-7> 

r  -  -  6n  6n^  <c  >  -  -  n6n„  <c  >  (5-8) 

R  n  R  n 


from  equation  (B-17)  and  (B-18)  in  Appendix  B  (note  that 
6nR  is  a  negative  quantity) .  An  important  result  from 
(5-7)  is  that  the  hole  lifetime  remains  constant  and  equal 
to  the  thermal  equilibrium  value,  that  is, 


1 

T  —  T  —  - 

p  p,o  <c  >n_ 

P  R,o 


However,  relation  (5-8)  indicates  that  the  electron  life¬ 
time  is  no  longer  a  constant  but  decreases  as  the  rate  of 
injection  increases.  The  electron  lifetime  at  this  stage 
is  given  by, 


1 

Tn  (-anR)<cn> 


(5-9) 


The  quantity  (-6n  )  increases  as  injection  level  increases 

I\ 

and  Tn  decreases  accordingly. 


' 


■ 


v 
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We  shall  refer  later  to  the  above  two  regimes  as 

the  low  level  regime.  An  essential  characteristic  of 

these  two  regimes  is  that,  because  of  a  >>  a  and 

P  n 

nR,0  >>  PR  0 /  the  injected  holes  are  mostly  trapped  near 
the  anode.  As  a  consequence,  the  current  is  mainly  car¬ 
ried  by  the  injected  electrons.  The  analysis  of  these 
regimes  are  relatively  simple  and  will  be  given  in  further 
detail  in  the  next  section. 

However,  as  the  injection  level  is  increased  fur¬ 
ther,  holes  begin  to  take  a  role  in  conduction.  More  cen¬ 
ters  are  emptied  because  of  the  capture  of  injected  holes. 
As  a  result,  injected  holes  begin  to  be  able  to  traverse 
the  crystal.  In  other  words,  the  lifetime  of  the  holes 
increases.  The  analysis  of  this  regime  is  rather  diffi¬ 
cult  without  further  approximations.  The  method  of  reg¬ 
ional  approximation  used  by  Lampert  and  Mark  (1970)  proved 
to  be  very  powerful  in  analysing  the  problem.  We  shall 
follow  this  analysis  in  greater  detail  later. 

First,  to  get  a  rough  idea  of  what  happens  in  this 
high  injection  level  regime,  we  note  that  the  larger  the 
density  of  injected  holes,  the  easier  the  holes  can  trav¬ 
erse  the  crystal.  In  fact  it  can  be  so  much  easier  that 
the  voltage  required  across  the  crystal  decreases  as  the 
current  increases,  resulting  in  a  striking  phenomenon 
known  as  the  negative  resistance. 
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At  an  even  higher  injection  level,  the  lifetimes 
of  electrons  and  holes  approach  a  common  value.  This  is 
the  so  called  injected  plasma  condition.  This  is  the 
regime  where  the  centers  are  completely  neutral.  All  the 
electrons  are  transferred  from  the  charged  centers  to  the 
conduction  band.  The  change  of  hole  lifetime  from  low 
injection  level  to  the  injected  plasma  condition  can  be 
several  orders  of  magnitude. 

In  the  next  section,  we  shall  discuss  the  low  in¬ 
jection  regimes  and  compare  the  experimental  results  on 
C^O  diodes  with  the  theoretical  results.  The  analysis 
on  the  high  injection  regime  are  then  discussed  in  section 
5  of  this  chapter  using  Lampert's  regional  approximation. 
Experimental  results  on  negative  resistance  in  C^O  diodes 
will  also  be  given. 
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(4)  Low  injection  level: 

4 . 1  Theory : 

As  mentioned  in  the  last  section,  there  are  several 
regimes  that  can  occur  at  low  injection  levels  beyond  the 
ohmic  region.  These  regimes  are  characterized  by  the  fact 
that  most  of  the  injected  holes  are  captured  in  the  vicin¬ 
ity  of  the  anode  because  a  >>  a  and  n^  >>  .  The 

p  n  R,o  R,  o 

current  is  then  mainly  due  to  injected  electrons.  This 
leads  to  simplified  current  flow  equations,  given  as, 


J  -  ey 
n  Hn 

nE 

(5-10) 

J  ~  S  y 

P  E 

(5-11) 

P  P 

o 

J  “  Jn  “ 

ey  nE 
n 

(5-12) 

The  diffusion  terms  in  (5-3a)  and  (5-3b)  have  been  dropped 
because  they  are  important  only  near  the  injecting  elec¬ 
trodes.  Also,  in  (5-12) ,  the  hole  current  density,  J  ,  is 

P 

neglected  compared  with  electron  current  density,  J  . 

The  continuity  equations  then  give, 


d  (nE) 
yn  dx 


r 


(5-13) 


„  dE  _ 

-  y  p  j —  -  r 
p^o  dx 


(5-14) 


At  very  low  injection  level,  when  the  change  in  den¬ 
sity  of  unoccupied  centers,  SpR,  is  much  smaller  than  the 
density  of  unoccupied  centers  at  thermal  equilibrium,  pR  q, 
the  rates  of  recombination  are  given  by  (5-4)  and  (5-5) 


. 


)•  ■ 


of  the  last  section,  i.e. 


r  -  Sp  n^  <c  > 

R,o  p 

(5-4) 

and , 

r  -  n  p_  <c  > 

*R,o  n 

(5-5) 

From 

(5-14)  and  (5-5),  we  have. 

dE 

-  y  p  ^ —  =  n  p^  <c  > 

p  o  dx  ^R,o  n 

(5-15) 

From 

(5-12)  and  (5-15)  we  have, 

dE  J 

-  y  p  -5 —  =  - —  <c  > 

p  o  dx  ey  E  rR,o  n 

or, 

„  dE  J  pR,o 

dx  ey  y  p  n 

pn  p  ^o 

(5-16) 

Equations  (5-1)  to  (5-3)  has  been  reduced  to  a 
first  order  differential  equation.  Only  one  boundary  con¬ 
dition  can  be  imposed  here.  This  is  taken  as  the  vanish¬ 
ing  of  electric  field  intensity  at  the  hole-injecting  con¬ 
tact,  that  is, 

E  =  0  at  x  =  L  (cathode)  (5-17) 


Using  (5-17)  and  integrating  (5-16) ,  we  get, 


E2  J  PR,o  . 

—  = - —  <c  >  (L-x) 

2  ey  y  p  n 


E=  [ 


p  n  o 
2 J  PR,o 


P.  -  * 


eyp1Jn  po 


;cn>]  (L-x) 


(5-18) 


Since,  E  =  - 


dV  (x) 
dx 


' 

n  ;  • 
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Thus , 


dV  (x) 
dx 

V  (x) 

V  (L) 

J 


r  2  J  fR,o  ^  ,  .1* 

[ -  - - —  <C  >1  ( I.— v  )  2 

eVn  po  n 


T  t 


2  J 

PR,o 

<cn>]  (L-x)3/2 

(5-19) 

ey  y 
MpHn 

po 

2  J 

pR,o 

^  3/2 

VI  L 

(5-20) 

ey  y 
Kp*n 

Po 

9  _  ..  po  V2 

8  eypyn  p  <c  >  L3" 
r  *K,  o  n 


(5-21) 


The  above  JaV  regime  was  first  derived  and  con¬ 
firmed  experimentally  by  Ashley  and  Milnes  (1964)  ,  and  is 
normally  known  as  the  Ashley-Milnes  regime.  Equation 
(5-21)  is  derived  without  the  use  of  Poisson's  equation 
(5-1)  ,  and  is  purely  a  recombination-limited  electron 
current. 

As  the  injection  level  is  increased  further,  a 

regime  is  reached  where  n_  >>  I  <5n_.|  >>  p  .  The  rate 

K  ,  O  K  K ,  O 

of  recombination  is  given  by  (5-7)  and  (5-8)  of  the  first 
section , 

r  “  {P  nR,G  <Cp>  <5_7) 

To  solve  the  J-V  characteristics  of  this  regime, 

Poisson's  equation  must  be  used.  Baron  and  Mayer  (1970) 

simplified  the  problem  by  using  the  quasineutrality  approx- 

p  dE 

imation,  that  is,  by  dropping  the  term  —  ^in¬ 
equation  (5-1)  . 


in  Poisson's 


1 
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Thus , 


6p  -  n  -  6n  =  0 

K 


(5-22) 


The  range  of  self-consistency  of  the  quasineutrality  ap¬ 
proximation  has  been  discussed  by  Lampert  and  Mark  (1970) . 

Since  in  this  region  the  density  of  injected  holes, 
<5p,  is  still  quite  small,  we  can  ignore  Sp  in  (5-22). 

Thus , 

n  -  -6n  (5-23) 

K 

Note  that  5nD  is  a  negative  quantity. 

K 

From  (5-8)  and  (5-14),  we  have, 


From 


_  dE 

y  P  j — 
p  o  dx 


=  -  nSn 


R 


(5-23)  and  (5-24)  , 


<c  > 

n 

we  have, 


(5-24) 


dE 

yp^o  dx 


-n2 


<c  > 
n 


(5-25) 


Thus,  we  have,  from  (5-12)  and  (5-25), 


dE 

yp^o  dx 


-  ‘if/  <cn> 
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,2  dE 
‘  dx 


_o  <C  > 
Jz _ n 

e2  y  y  P 
Mn  Mp  o 


(5-26) 


Thus , 


E3  =  3 


J 

e  2  y  2 


o  <C  > 

z  n 


E  =  (3 


n  yppo 


-2  <c  > 
^  n 


(L-x) 


1/3 
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1/3 


e^Ti  2"  y  p  ' 
Mn  MpFo 


(5-27) 
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dV  (x) 
dx 


(3 


e^y  2  y  p 

n  p^o 


<c  >  1/3  , 

-5-)  (L-x)1/3 


V  (x) 

V  (0 ) 

J 


3  3J2  "V  1/3  .  4/3 

4  e2u  2  77  p  }  ’ 

2  <c_>  1/3 


T  (3  J 


4  v  02  y  ^  y  p 
Mn  MpFo 


n  )  '  l4/3 


8  ,ypPo^  v3/2 

9  yn  <c  L2 

n 


(5-28) 


(5-29) 


This  regime  was  first  derived  by  Baron  and  Mayer 
(1970).  Unlike  the  Ashley-Milnes  regime,  this  regime  is 
derived  by  assuming  the  quasineutrality  approximation.  To 
obtain  the  condition  under  which  the  quasineutrality  ap¬ 
proximation  holds,  we  have  from  (5-1) , 


1  dE 
e  dx 


n 


(5-30) 


(5-24)  and  (5-30)  then  give, 


eu 


£  O 


p  o  =  rm 


-n6n  <c  > 
R  n 


n-6n 


R 


or 


n  (6n  <c  >  + 
R  n 


ey  p  » 
P*o) 


ey  p 

P  ° 

~i~  6nR 


(5-31) 


Comparing  (5-23)  with  (5-31) ,  we  can  see  the  quasi¬ 
neutrality  approximation  will  hold  only  if, 

ey  p 

j?2. 


l«nRl 

<c  >  <<  ■ 

n 

or, 

l«nRl 

£<cn 

(5-32) 
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Since  the  resistivity  of  the  crystal,  p,  is  given 


by. 


P  = 


ey  p 

pFo 


and  since  the  electron  lifetime  at  thermal  equilibrium  is 
given  by, 

x  =  _ I _ 

n'°  <cn>nR,o  f 


we  have , 


t 

6n  I  <<  -£Li2 — 

R1  p  e 


or 


6nTJ  <<  x 
R1  n ,  o 


(5-33) 


n 


R, o  ohm 


where 

tal . 

P 


tQhm  =  P  e  is  the  ohmic  relaxation  time  of  the  crys- 
Relation  (5-33)  indicates  that  the  higher  the  ratios 


— '  the  wider  the  range  over  which  the  quasineutrality 
approximation  holds. 

We  must  mention  here  that,  in  practice,  not  all 
the  regimes  discussed  above  occur.  Depending  on  the 
actual  parameters  of  the  crystal  concerned,  some  regimes 
can  be  entirely  missing  or  too  short  to  be  identified  as 
a  distinct  regime. 

Furthermore,  the  relation  between  I  and  V  alone 

cannot  unambiguously  establish  which  regime  is  involved. 

For  example,  if  one  of  the  mobilities  (y  or  y  )  becomes 

11 

-h 

field  dependent  in  the  form  y  a  E  ,  the  Ashley-Milnes 

3 /2 

regime  can  have  the  I-V  relation  of  the  form  IaV  '  ,  which 


' 

. 
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has  the  same  functional  relation  as  that  in  the  Baron-Mayer 
regime.  Further  information  is  necessary  to  establish  the 
correct  regime  involved.  In  this  case,  the  two  regimes  can 
be  distinguished  from  one  another  by  a  study  of  the  rela¬ 
tion  between  J  and  p  .  The  Ashley-Milnes  regimes  is  char¬ 
acterized  by  JapQ,  with  other  parameters  fixed,  while  Baron¬ 
in 

Mayer  regime  has  the  form  JapQ2. 

4 . 2  Experimental  results  on  oxidized  samples  -  low 

injection  regime: 

4.2.1  Forward  I-V  characteristics 

As  mentioned  in  chapter  3,  annealing  the  diodes  at 
higher  oxygen  pressure  leads  to  a  decrease  in  forward  re¬ 
sistance  at  low  voltages.  For  thicker  samples  (>  50  ym) 
the  I-V  characteristics  show  clear  regimes.  However,  in 
thinner  samples  (<  20  ym) ,  the  I-V  characteristics  exhibit 
the  discrepancies  from  the  ideal  cases  discussed  above. 

The  DC  I-V  characteristics  of  a  thick  oxidized  sam¬ 
ple,  SD-1  (thickness  =  52  ym)  is  shown  in  Fig.  25.  It 

3 /2 

shows  an  ohmic  regime  followed  immediately  by  an  IaV 
regime  at  low  temperatures  (e.g.  at  164 °K,  the  current  in 
the  Ia V3//2  regime  extends  over  two  orders  of  magnitude)  , 
while  at  higher  temperatures  (e.g.  room  temperature) ,  the 
deviations  from  ohmic  behaviour  in  the  voltage  range 
accessible  are  quite  small.  As  we  shall  show  later,  the 
IaV3/2  regime  has  a  current- thickness  relation  which 


' 

, 


. 
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Fig.  25.  The  forward  I-V  characteristics  of  oxidized 
sample  SD-1  at  various  temperatures.  (Both 
axes  are  on  a  logarithmic  scale.) 
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closely  agrees  with  that  expected  and  obeys  the  relation 
JaUpP0*  Thus,  this  should  be  the  Ashley-Milnes  regime 
with  either  hole  or  electron  mobility  field  dependent. 

The  I-V  characteristic  of  a  thinner  sample,  SD-2, 
at  room  temperature  is  shown  in  Fig.  26.  It  exhibits  sig¬ 
nificant  deviation  from  ohmic  behaviour  even  at  this  temp¬ 
erature.  The  low  voltage  ohmic  region  is  followed  by  a 
steep  region  which  is  in  turn  followed  by  a  IaV^^  regime. 
The  origin  of  the  steep  regime  is  not  clear.  Information 
on  thickness-current  relation  in  this  regime  was  impossible 
to  obtain  since  this  regime  occurs  at  very  small  thickness 
and  at  higher  temperatures,  as  can  be  seen  from  Fig.  27 
where  the  I-V  characteristics  at  various  temperatures  are 
shown.  The  steep  regime  becomes  less  pronounced  as  temp¬ 
erature  decreases  and  almost  disappears  at  a  temperature 
of  about  226 °K.  Another  puzzling  feature  of  the  I-V  char¬ 
acteristics  of  the  sample  is  that  at  lower  temperatures, 

there  is  higher  power  relation  between  I  and  V,  e.g.  at 

2  . 

168°K  (points  •  in  Fig.  27)  a  regime  IaV  is  observed. 
Perhaps  more  exact  theory  including  diffusion  can  account 
for  the  discrepancies. 


4.2.2  Temperature  dependence  of  I-V  characteristics: 

Since  the  current  in  the  low-voltage  ohmic  regime 
is  proportional  to  pQy^  at  a  fixed  voltage,  the  dependence 


of  current  on  this  factor,  p^y^/  in  the  IaV 


3/2 


regime  can 


. 
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Fig.  26.  The  forward  I-V  characteristics  of 

oxidized  sample  SD-2  at  room  temper¬ 
ature.  (Both  axes  are  on  a  logar¬ 
ithmic  scale.) 
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Fig.  27.  The  forward  I-V  characteristics  of  oxidized 
sample  SD-2  at  various  temperatures.  (Both 
axes  are  in  logarithmic  scale.) 
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be  studied  by  comparing  the  temperature  dependence  of  cur¬ 
rents  in  the  two  regimes.  This  serves  as  a  way  of  deter¬ 
mining  whether  the  IaV^7^  regime  is  the  Ashley-Milnes  re¬ 
gime  with  field  dependent  mobility  or  the  Baron-Mayer  re¬ 
gime.  The  former  has  the  relation  Jay  p  ,  while  the  later 

P  ° 

J  o  (upP0) 

Fig.  28  shows  plots  of  current  at  0.1  volts  (ohmic 

regime)  and  the  current  at  10  volts  (IaV^7^  regime)  with 

the  reciprocal  of  temperature.  This  indicates  that  both 
3 /2 

the  IaV  regime  and  ohmic  regime  obey  the  relation 
JaUpP0*  This,  together  with  the  thickness-current  relation 
described  below,  imply  that  the  IaV"'7  regime  observed  is 
the  Ashley-Milnes  regime  with  field  dependent  mobility. 


Note  that  the  Baron-Mayer  regime  would  have  ala  (y  pQ) 


h 


dependence  and  the  straight  line  of  the  plot  I  vs.  1/T  in 
this  regime  would  give  one-half  the  slope  of  that  in  the 
ohmic  regime.  This  is,  of  course,  inconsistent  with  that 
shown  in  Fig.  28. 

The  slight  difference  in  the  slopes  in  Fig.  28  is 
most  likely  due  to  the  temperature  dependence  of  yn (refer 
to  equation  (5-21)). 

The  question  then  arises  as  to  which  mobility,  yn 

or  y  ,  becomes  field  dependent.  Fortin  and  Weichman 
P 

(1966)  have  reported  a  hole  mobility  up  to  3000  V/cm  with 
no  sign  of  field  dependence.  It  is  therefore  likely 
that  it  is  the  electron  mobility  that  becomes  field 


, 
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3 /2 

The  currents  'm  the  ohmic  regime  and  the  IaV 
regime  versus  the  reciprocal  of  absolute  tempera¬ 
ture  (sample  SD-1) .  Note  that,  at  0.1  volts,  the 
sample  operates  in  the  ohmic  regime,  while,  at 
10  volts,  the  sample  operates  in  the  IaV3/2  re¬ 
gime  . 
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dependent  in  our  case.  Unfortunately,  the  information  on 
electron  mobility  in  C^O  is  rare  and  a  comparison  is  not 
possible  at  this  moment. 


4*2.3  The  effect  of  photomemory  on  the  forward  I-V 
characteristics  of  the  oxidized  samples: 

As  we  mentioned  in  the  previous  chapter,  the  photo¬ 
memory  effect  can  be  used  as  a  tool  to  increase  the  hole 
density,  pQ,  (or  more  strictly  speaking,  the  quantity  ypPQ 
since  hole  mobility  is  also  slightly  affected)  without 
changing  the  lattice  temperature.  This  effect  has  been 
used  to  test  the  dependence  of  current  on  pQ  in  the  case 
of  vacuum-annealed  samples  (section  3.4  of  chapter  4). 

A  similar  experiment  was  carried  out  for  sample 
SD-2.  The  sample  was  first  preheated  to  about  200°C  and 
cooled  to  room  temperature  to  erase  any  previous  photo¬ 
memory.  The  lowest  curve  (curve  1)  in  Fig.  29  corresponds 
to  the  I-V  characteristics  at  room  temperature  after  pre¬ 
heating.  The  upper  two  curves  (curves  2  and  3)  correspond 
to  behaviour  after  exposure  to  light.  Unfortunately,  a 
large  increase  of  conductivity  is  not  possible  in  the  case 
of  low  resistivity  sample.  However,  it  is  still  possible 
to  see  from  Fig.  29  that  an  increase  in  the  current  in  the 
ohmic  region  is  followed  by  an  increase  in  current  in  the 
IaV^^  regime  by  almost  the  same  factor.  For  example. 


j.  V  t  u*.:iC  •  _ 
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Fig,  29.  The  forward  current-voltage  characteristic  of 
oxidized  sample  SD-2  at  room  temperature, 
o  data  taken  after  the  sample  has  been  preheated 
at  200°C  to  erase  any  previous  photomemory. 
o\  data  taken  after  the  sample  has  been  exposed 
•/  to  light  of  increasing  flux. 
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comparing  curves  (1)  and  (3) ,  the  increase  in  the  current 
in  the  IaV  regime  by  a  factor  of  about  two  is  almost 
the  same  as  that  in  the  low  voltage  ohmic  region.  This  is 
again  in  agreement  with  the  results  in  the  previous  sec¬ 
tion  on  the  study  of  temperature  dependence  of  I-V  charac¬ 
teristics  where  we  concluded  that  lay  p  in  the  IaV3//2 

p*o 

regime.  This  in  turn  supports  that  the  la V3//2  regime  is 
the  Ashley-Milnes  regime  with  field  dependent  mobility. 

Note  that  this  test  also  serves  to  rule  out  the 
possibility  that  the  power  relation  of  current  and  voltage 
on  oxidized  samples  is  due  to  single  carrier  injection,  in 
which  case  the  current  in  the  higher  power  regimes  would 
not  depend  on  the  thermal  hole  density,  pQ. 


3 /2 

4.2.4  The  current-thickness  relation  m  the  IaV  regime 
As  we  discussed  in  section  3.3  of  chapter  4,  the 
current-thickness  relation  is  important  in  determining  if 
a  given  regime  is  due  to  injection  of  carriers.  As  men¬ 
tioned  in  that  section,  the  injection  regimes  have  the  gen 
eral  relation. 


J 

L 


a 


f  ( 


for  both  single  and  double  injection,  with  mobilities 
assumed  to  be  independent  of  field. 
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For  example,  in  the  case  of  Ashley-Milnes  regimes, 


we  have. 


T  V  J  ,  V  \  2 

J  0  y3  °r  L  “  (^') 

Li  Li 


which,  of  course,  is  in  the  form  J/L  a  f(V/L2). 

If,  however,  one  of  the  mobilities  becomes  field 
dependent,  in  the  form  yaE  2 ,  the  JaV  characteristics  in 
the  Ashley-Milnes  regime  are  given  as, 

J  ,V> ,V  2  _  V3/2 
L  a  L  l2"  _  7/2 


or 


J  a 


V 


3/2 

372 


In  section  3.3  of  chapter  4,  we  have  shown  the  re¬ 
sults  on  the  current-thickness  measurements  on  vacuum- 
annealed  samples.  A  similar  experiment  was  carried  out  on 
an  oxidized  sample.  The  thickness  was  again  reduced  by 
etching  repeatedly  in  dilute  HNO^ • 

One  more  factor,  however,  has  to  be  considered 
here.  As  shown  in  section  4.2.3,  the  entire  I-V  character¬ 
istics  of  an  oxidized  sample  are  affected  by  the  photomem¬ 
ory  effect.  In  the  process  of  reducing  the  sample  thick¬ 
ness  by  etching,  the  sample  was  inevitably  exposed  to 
light.  Although  the  sample  was  preheated  at  200°C  every 
time  before  the  I-V  characteristics  were  taken,  and  thus 
the  photomemory  was  largely  erased,  past  experience  has 
indicated  that  a  complete  return  to  the  same  resistivity 
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state  is  not  always  obtained.  For  this  reason,  in  anal¬ 
yzing  the  data,  a  method  of  normalization  should  be  used. 
This  is  done  in  our  case  by  plotting  log^Q  versus 

log^QL,  where  J^/2  ^enotes  t^ie  current  corresponding  to  a 
specified  voltage  in  the  IaV  /  regime,  and  denotes  the 
the  current  corresponding  to  a  specified  voltage  in  the 

ohmic  regime,  and  L  the  thickness  of  the  C^O  single  crys- 

3/2  x 

tal.  Since  J,  =  ey  p  V/L ,  and  J-j /0  a  (y  P  )  V  /L  ,  the 

1  p^o  3/2  p  o 

ratio  J3/2/Jl  s^ould  not  depend  on  y^p^ 

A  plot  of  log10  ^J3/2//Jl^  versus  1o9;loL  is  given 
for  an  oxidized  sample  SD-6  (Fig.  30) .  The  least  square 
fit  gives  a  slope  of  1.2  which  is  in  close  agreement  with 
the  predicted  value  of  1.5. 


■ 
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Fig.  30. 


Logio  (J3/2/J1)  versus  Log10  L,  where  J 
is  the  current  at  10  volts  (IaV^/2 
J1  current  at  0.1 

and  L  the  thickness  in  ym.  (Sample  SD-6) 


( I aV-V  ^regime/ , 

volts  (ohmic  regime) 
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5 .  High  injection  level: 

5 . 1  Introduction 

The  analysis  on  the  low  injection  levels  was  rela¬ 
tively  simple.  The  simplification  was  possible  in  that 
case  since  at  low  injection  levels  the  current  is  mainly 
carried  by  electrons  and  at  least  one  of  the  carrier  life¬ 
times  (hole  and/or  electron  lifetimes  remains  almost  con¬ 
stant  in  each  regime. 

The  analysis  on  the  higher  injection  levels  is  more 
difficult  because  both  electrons  and  holes  play  significant 
roles  in  the  conduction  and  the  lifetimes  of  both  carriers 
vary  with  injection  level. 

The  regional  approximation  used  by  Lampert  proved 
to  be  very  powerful  in  analysing  the  high  injection  regime. 
We  shall  give  only  a  brief  review  of  the  treatment  of  this 
regime  by  Lampert  and  Mark  (1970).  The  main  purpose  for 
this  review  is  to  show  how  negative  resistance  can  occur. 
Since  quantitative  comparison  in  the  case  of  Cu^O  is  rather 
difficult  because  many  parameters  for  C^O  are  not  known  at 
this  stage,  we  intended  to  give  only  qualitative  description 
of  the  experimental  results  on  the  negative  resistance  phen¬ 


omenon  . 
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5 . 2  Theory  -  a  brief  review  of  Lampert's  regional  approx¬ 
imation  in  treating  the  double  injection  problem: 

In  dealing  with  high  injection  levels,  the  densities 
of  thermal  carriers  nQ,  Pq  are  neglected.  Because  of  the 
injection  of  electrons  from  the  cathode  and  holes  from  the 
anode,  we  would  expect  the  local  conditions  regarding  the 
occupation  of  recombination  centers,  the  amount  of  space 
charge  and  the  densities  of  holes  and  electrons  to  vary 
continuously  from  anode  to  cathode.  Lampert's  regional 
approximation  involves  the  splitting  of  the  crystal  into 
some  finite  number  of  regions  where  the  conditions  can  be 
specified  with  the  help  of  some  physical  arguments. 

In  the  case  shown  in  Fig.  24,  where  the  recombin¬ 
ation  centers  are  partially  filled,  Lampert  and  Mark 
(1970)  have  attacked  the  problem  by  splitting  the  crystal 
into  three  regions  shown  in  Fig.  31. 

Region  I:  This  is  the  region  closest  to  the  anode. 
Because  it  is  adjacent  to  the  anode  where  holes  are  injec¬ 
ted  and  because  a  >>  a  ,  the  recombination  centers  which 

p  n 

were  originally  mostly  occupied  with  electrons  are  now 
largely  depopulated,  i.e. 

PR  =  Nr  (5-34) 


The  electrons  originally  occupying  this  region  have  been 
transferred  into  the  conduction  band  and  we  have, 
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quasineutrality 

approximation 
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x  =  0 
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x. 


n(x^)  = 


n 
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-1  dE 
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L 
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Fig.  31.  Schematic  diagram  for  Lampert ' s  regional 
approximation  applied  to  the  case  of 
double  injection  with  trapping  by  par¬ 
tially  filled  recombination  centers. 
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Further,  space  charge  is  not  serious  and  the  quasineutral¬ 
ity  condition  can  be  used,  i.e., 

n  "  P  “  (NR  -  Pr,o>  -  nR,C  (5-36) 

Using  (5-34)  ,  (5-35)  and  (5-36)  ,  the  continuity 

equation  can  be  written  as  (Lampert  and  Mark  1970) , 


n 


dE  _  (a+l)n 


(5-37) 


where  a  =  and  — - —  =  <c  >  N 
^n  T  n ,  h  n  R 

equation  can  be  written  as. 


R, o  dx  u  t  , 

P  n,h 

Also,  the  current  flow 


J  =  ey  E(a+1)  n  -  ey  n  E  (5-38) 

II  p  i\  f  O 

Equations  (5-36) ,  (5-37)  and  (5-38)  together  with 

the  boundary  conditions  at  x  =  0  can  be  solved  to  give 
E(x),  V(x)  in  this  region. 


Region  II.  This  is  the  region  next  to  region  I 
(Fig.  31) .  The  recombination  centers  are  still  largely 
filled.  Thus, 

n  <  nRj0  (5-39) 

Since  most  of  the  injected  holes  are  captured  by  the  re¬ 
combination  centers  in  region  I,  the  density  of  free  holes 
in  this  region  is  small  compared  with  the  density  of  free 
electrons ,  i.e., 

p  <<  n  (5-40) 


Again  the  space  charge  in  this  region  is  not  serious,  and 
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quasineutrality  conditions  can  be  used. 

Using  these  relations,  it  can  be  shown  (Lampert 
and  Mark  1970)  that  Poisson's  equation,  the  current  flow 
equation  and  the  continuity  equation  can  be  simplified  to 
give, 


n 


(5-41) 


J  -  ey  nE 
n 


(5-42) 


dn 

dx 


e<c  >ni 

p R,o 


aJN 


R 


n  <n  +  Pr.o* 


(5-43) 


Again,  equations  (5-41) ,  (5-42)  and  (5-43) ,  to¬ 

gether  with  the  boundary  condition  at  x  =  x-^,  which  is 
taken  as  n (x . )  =  n  ,  an  obvious  condition  from  (5-35) 

-L  K ,  O 

and  (5-39) ,  can  be  solved  to  give  E (x ) ,  V (x ) . 


Region  III.  This  is  the  region  closest  to  the 
cathode  where  the  injection  of  electrons  occurs.  Since 
the  injected  holes  are  preferentially  captured  by  the 
filled  centers,  the  electrons  dominate  the  conduction. 
Thus , 

J  -  eny  E  (5-44) 

n 

The  quasineutrality  approximation  can  no  longer 
be  used  in  this  region.  Poisson's  equation  gives, 

e  ,dEv 

e  dx  ~  pR  pR,o 

where  the  terms  p-PG  and  n  are  ignored. 


(5-45) 


i. 
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From  (5-44)  and  (5-45)  and  the  continuity  equa¬ 


tions,  a  second  order  differential  equation  can  be  ob¬ 
tained  , 


(5-46) 


The  voltage  drop  across  each  region  can  be  solved  from 
the  results  on  E(x).  The  sum  of  the  voltage  drops  across 
the  three  regions,  of  course,  must  be  equal  to  the  total 
external  applied  voltage  across  the  crystal.  The  solution 
for  the  current-voltage  characteristics  have  been  given  by 
Lampert  and  Mark  (1970)  and  are  shown  in  Fig.  32. 


In  Fig.  32,  there  is  a  threshold  for  current  flow. 


A  steep  rise  in  current  (A  -  B  in  Fig.  32)  is  followed  by 
a  negative  resistance  regime  (B  -  C  in  Fig.  32) .  At  very 
high  injection  level,  a  JaV2  regime  appears.  This  is  the 
so  called  semiconductor  injected  plasma  regime. 


The  above  results  have  ignored  the  low  injection 


level  regimes.  Taking  these  into  account,  the  general 
shape  of  the  I-V  characteristics  should  then  look  as  in 
Fig.  33. 
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Fig.  32.  Current-voltage  characteristic  for  double 
injection  into  an  insulator  with  a  single 
set  of  recombination  centers  partially 
filled  in  thermal  equilibrium.  (Theoret¬ 
ical  calculation,  after  Lampert  and  Mark, 
1970) 

J*,  V*  are  defined  as, 


J* 


V*  = 


y  N 
Pp  R 


e<c  >y  nf,  „  L 
p  n  R,o  R,o 


e  y  N 


P  R 


n  L' 
R,  o 


e  p„  <c  > 
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Fig.  33.  A  qualitative  sketch  of  the  current-voltage 
characteristic  to  be  expected  for  double 
injection  into  an  insulator  with  a  single 
set  of  recombination  centers  partially 
filled  in  thermal  equilibrium,  including 
the  lower-level  injection  regimes. 


' 


120 


5 • 2  Experimental  results  on  high  injection  level  of 
oxidized  samples  -  negative  resistance: 

Some  preliminary  results  on  the  negative  resistance 
phenomenon  that  were  observed  in  oxidized  samples  will  be 
presented  in  this  section.  Only  a  qualitative  discussion 
is  possible  at  this  stage. 

A  typical  example  of  negative  resistance  observed 
in  the  oxidized  samples  is  shown  in  the  oscillograms  of  the 
forward  I-V  characteristics  of  sample  SD-4  at  178 °K  (Fig. 
34).  The  maximum  current  increases  for  successive  figures 
from  (a)  to  (c) .  The  growth  of  the  negative  resistance 
regime  is  clearly  seen.  A  large  hysterisis  is  observed  in 
the  negative  resistance  regime  of  the  I-V  characteristics. 

A  steep  portion  which  is  believed  to  be  due  to  the  forma¬ 
tion  of  a  current  filament  is  observed  in  the  higher  cur¬ 
rent  regime  of  the  characteristics.  The  slight  decrease 
in  the  on-set  voltage  of  the  negative  resistance  in  the 

lowest  oscillagram  in  Fig.  34  is  due  to  a  slight  increase 

2 

in  temperature  due  to  the  I  R  heating. 

Fig.  35  (a  and  b)  shows  the  I-V  characteristics 
at  higher  temperatures  (185 °K  and  183 °K) .  The  negative  re¬ 
sistance  is  less  pronounced,  but  a  large  hysterisis  is  ob¬ 


served  . 
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As  the  temperature  is  raised  further,  the  negative 
resistance  disappears  entirely.  Fig.  36  shows  the  I-V 
characteristic  at  236°K.  The  disappearance  of  the  nega¬ 
tive  resistance  is  believed  to  be  due  to  thermal  re¬ 
emission  of  captured  holes  into  the  valence  band. 

The  magnitude  of  current  that  can  pass  through  the 
sample  is  limited  by  power  dissipation  at  that  temperature. 
As  a  consequence,  higher  current  regimes  after  the  steep 
portion  in  the  I-V  characteristics  have  not  been  reached 
in  our  study. 


/ 


Fig.  34.  Oscillograms  of  the  current-voltage  characteris¬ 
tics  of  oxidized  sample  SD-4  at  178 °K. 

Scales  for  all  three  oscillograms: 

horizontal  axis  50  volts/cm 

vertical  axis  2  mA/cm 

The  maximum  current  increases  for  successive 
figures  from  top  to  bottom. 
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Fig.  35.  Oscillograms  of  the  I-V  characteristics  of 

oxidized  sample  SD-4  at  (a)  185*K  and  (b)  183°K. 

Scales  for  both  oscillograms: 

horizontal  axis  50  volts/cm 

vertical  axis  2  mA/cm 
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Fig.  36. 


Oscillogram  of  the  I-V  characteristic  of  oxidized 
sample  SD-4  at  236°K. 

Scale:  horizontal  axis  50  volts/cm 

vertical  axis  2  mA/cm 
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(6)  Conclusion  for  chapter  5: 

In  this  chapter,  we  have  shown  that  various  exper¬ 
imental  results  indicate  that  the  oxidized  samples  are 
double  injection  diodes,  in  contrast  to  that  of  vacuum- 
annealed  samples.  Heating  in  high  oxygen  pressure  and 
high  temperatures  not  only  increases  the  low-voltage  ohmic 
resistance,  but  also  affects  the  Cu-Cu^O  junction,  most 
likely  due  to  the  diffusion  of  oxygen  through  the  boundary. 

The  simplified  theory  of  double  injection  with  the 
presence  of  single-level  recombination  centers,  can  account 
for  the  low  injection  level  I-V  characteristics  of  thick 
samples,  but  discrepencies  are  observed  in  thinner  samples, 
as  diffusion  is  expected  to  be  important  in  these  samples. 

Preliminary  results  on  negative  resistance  of  oxi¬ 
dized  samples  are  also  shown  for  various  temperatures. 
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Chapter  6 
Conclusion 

As  mentioned  in  the  introductory  chapter  of  this 
thesis,  the  original  aim  of  fabricating  C^O  single  crys¬ 
tal  diodes  was  to  obtain  a  better  rectifying  performance 
over  the  conventional  CU2O  multicrystalline  diodes.  This 
was  not  very  successful  as  we  reported  in  chapter  3 .  How¬ 
ever,  the  results  of  the  behaviour  of  the  single  crystal 
diodes  under  reversed  biased  condition  does  support  the 
suggestion  made  previously  by  Weichman  and  Kuzel  (1970a) . 

Our  major  aim,  however,  was  shifted  as  the  project 
progressed.  The  power  relations  shown  in  the  forward  I-V 
characteristics  caught  our  attention  and  our  efforts  were 
focussed  on  investigating  these  characteristics. 

The  vacuum-annealed  samples,  which  we  have  dis¬ 
cussed  in  detail  in  chapter  4,  have  shown  the  various 
characteristics  of  that  of  single  injection  diodes.  The 
results  indicate  that  there  is  a  continuous  distribution 
of  localized  states  inside  these  vacuum- annealed  samples. 

On  the  other  hand,  the  oxidized  samples  showed 
characteristics  of  double  injection  diodes  (chapter  5)  . 

The  Cu-Cu?0  junction  appears  to  be  affected  by  the  oxida- 
tion  process  and  becomes  more  efficient  in  injecting 
electrons.  The  Ashley-Milnes  regimes  predicted  by  the 
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simplified  theory  of  double  injection  have  been  observed 
at  low  injection  level.  For  thinner  samples,  however, 
discrepencies  were  found.  At  lower  temperatures,  negative 
resistance  phenomenon  were  observed  as  reported  in  the  end 
of  chapter  5. 

To  be  investigated  in  further  detail  remain  the 
physical  origin  of  the  continuous  localized  states,  which 
have  also  been  postulated  by  Noguet  et.  al .  (1974)  in  ex¬ 

plaining  the  wide  variation  of  activation  energies  of  Cu^O 
crystals.  The  negative  resistance  phenomenon  observed  in 
the  oxidized  samples  were  observed  during  the  final  stage 
of  the  project  when  the  thesis  was  being  prepared.  As  a 
result,  only  preliminary  results  could  be  included  as  one 
more  piece  of  experimental  evidence  for  double  injection. 
Remaining  to  be  studied  are  the  post-breakdown  regimes 
where  other  phenomenon,  such  as  electroluminescence,  might 


be  observed. 
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Appendix  A 
List  of  Symbols 
ratio  up/yn 

area  of  the  injecting  contact 
capture  coefficient  for  electrons 

capture  coefficient  for  holes 

capacitance  of  the  sample 
diffusion  coefficient 
electronic  charge 
activation  energy 

quasi-Fermi  level 

Fermi  level  at  thermal  equilibrium 

energy  of  the  lowest-energy  hole  traps  in  the 
trap  distribution 

energy  of  recombination  states 
energy  of  trapping  levels 
energy  of  the  valence  band  edge 
degeneracy  factor 

rate  of  hole  emission  from  the  localized  states 

rate  of  hole  emission  from  the  localized  states 
at  thermal  equilibrium 

current 

current  through  the  current  measuring  device 
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n 


1 


n 


R,  o 


6n 

5n 


R 


N 

N 

N 

P 

P 


R 

t 

v 


o 


P 


1 


surface  current  between  the  guard  ring  and  the 
central  electrode 

total  current  density- 

electron  current  density 

hole  current  density 

Boltzmann's  constant 

ratio  T  /T 
c 

sample  thickness 
electron  mass 

total  electron  density  (n  =  nQ  +  Sn) 
thermal  equilibrium  electron  density 


defined  as  n][  =  nQ  exp 

electron  density  on  recombination  centers 

electron  density  on  recombination  centers  at 
thermal  equilibrium 

excess  injected  electron  density 

change  in  the  density  of  electrons  occupying 
recombination  centers  from  thermal  equilibrium 

density  of  recombination  centers 
density  of  traps 

density  of  states  at  the  valence  band  edge 
total  hole  density  (p  =  PQ  +  6p) 
thermal  equilibrium  hole  density 


defined  as  p^ 


nQ  exp 


er-ef 


) 


kT 


’ 
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Pj_  average  injected-  hole  density 

Pr  0  hole  density  on  the  recombination  centers  at 

thermal  equilibrium 

Pt  density  of  trapped  holes 

<$p  excess  injected  hole  density 

6p^  change  in  the  density  of  holes  occupying  recom¬ 

bination  centers  from  thermal  equilibrium 

total  injected  charge 

r  rate  of  recombination 

rate  of  capturing  holes 

r^  Q  rate  of  capturing  holes  at  thermal  equilibrium 

rn  rate  of  capturing  electrons 

rn  Q  rate  of  capturing  electrons  at  thermal  equilibrium 

R  internal  resistance  of  the  current  measuring 

device 

R  surface  resistance  between  the  guard  ring  and  the 

s  central  electrode 

t^  average  time  needed  for  a  hole  to  escape  from  a 

center 

t  ,  ohmic  relaxation  time 

ohm 

T  lattice  temperature 

T  characteristic  constant  of  the  trap  distribution 

c 

v  velocity 

V  applied  voltage 

V  transition  voltage  between  the  ohmic  regime  and 

^  the  SCL  conduction  regime 


x 


distance  from  the  anode  inside  the  crystal 
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n 
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n 


a 


P 


T 


n 


T 

n ,  o 


T 


p,o 


electron  mobility 
hole  mobility 

sample  resistivity 

capture  cross  section  for  electrons 

capture  cross  section  for  holes 

average  lifetime  for  a  free  electron 

average  lifetime  for  a  free  hole 

average  lifetime  for  a  free  electron  at  thermal 
equilibrium 

average  lifetime  for  a  free  hole  at  thermal 
equilibrium 
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Appendix  B 

Recombination  Through  a  Set  of  Localized  States 

Recombination  of  holes  and  electrons  can  take 
place  directly  from  band  to  band.  However,  for  semicon¬ 
ductors  or  insulators  with  a  large  band  gap,  recombina¬ 
tion  of  holes  and  electrons  through  some  localized  states 
inside  the  band  gap  is  often  the  dominating  recombination 
mechanism.  This  involves  the  successive  capture  of  an 
electron  and  hole  by  a  localized  trapping  state. 

The  purpose  of  this  short  appendix  is  to  derive  a 
relation  between  the  recombination  rate,  r,  and  the  var¬ 
ious  quantities  such  as  the  densities  of  free  carriers  and 
densities  of  occupation  of  the  localized  states. 

Let  us  consider  the  case  shown  in  Fig.  24  where 
the  monovalent  localized  states,  at  energy  E  ,  acting  as 
recombination  centers,  are  acceptor-like.  In  other  words, 
the  states  are  negatively  charged  when  occupied  by  an  elec¬ 
tron  and  neutral  when  empty.  Because  of  Coulomb  attrac¬ 
tion,  the  capture  cross-section  for  holes  by  an  occupied 
center  will  be  larger  than  the  capture  cross-section  for 
electrons  for  an  empty  one,  that  is,  >  an . 

Let  N  be  the  total  density  of  the  localized  re- 
R 

combination  states,  p,  n  the  densities  of  free  holes  and 
electrons  respectively,  n^  the  density  of  localized  states 
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with  electrons,  p  the  density  of  localized  states 
which  are  empty. 

It  is  intuitively  clear  that  the  rate  of  capturing 
holes,  r^,  should  be  proportional  to  the  density  of  free 
holes,  p,  and  also  to  the  density  of  charged  centers,  nD. 

K. 

A  more  precise  form  of  r^  is  given  by  (refer  to,  for  exam¬ 
ple,  Blakemore  1962)  , 


h 


p  <  c  >  n„ 
p  R 


(B-l) 


where  <c  > ,  <c  >  are  the  mean  capture  coefficients  for 

hr 

holes  and  electrons  respectively. 


Defining  the  quantity  h  nR<c  >t  which  is  known 

i\  p 

as  the  average  lifetime  for  a  free  hole,  the  rate  of  cap¬ 
turing  holes  can  also  be  written  as, 


Since  the  holes  can  also  escape  from  the  localized 
states,  the  net  rate  of  capturing  holes  by  the  localized 
states  is  given  by. 


r  = 


"  ^h 


(B-2 ) 


where  qn  is  the  rate  of  hole  emission  from  the  empty  local- 
h 

ized  states. 

The  rates  of  the  emission  of  holes  at  non-equilib¬ 
rium  can  be  obtained  from  the  rates  of  emission  when  the 


crystal  is  at  equilibrium. 


. 
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At  thermal  equilibrium,  the  capture  of  holes  on  the 
localized  states  must  be  balanced  by  the  reverse  process  of 
emission  of  holes.  Thus  we  have. 


(B-3 ) 


where  the  subscript  o  denotes  thermal  equilibrium  condition. 
Thus,  since 


and 


we  have, 


Pq 

Th ,  o 


/ 


where  t^  is  the  average  time  needed  for  a  hole  to  escape 
from  a  center,  leaving  it  negatively  charged,  and  q  the 
average  lifetime  of  free  holes  at  thermal  equilibrium. 

Thus , 
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R,  o 


P 


o 


or, 
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<c  >n 


R,  o 


p  R,o  o 


(B-4 ) 


since 
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The  rate  of  hole  emission  from  the  centers  under 
injection  condition  is  then  given  by, 


„  _  PR  PR 

g,  —  - —  =  -  <  c  >  n  d 

h  fch  Pr,o  P  R'°  P° 


(B-5) 


From  (B-l) ,  (B-2)  and  (B-5) ,  we  have, 


n 


r  =  p<c  >n  -  P  <c  > 


R,  o 


p  R  R  p  pRj0  o 


(B-6) 


Let  Pq  be  the  density  of  free  holes  at  thermal 
equilibrium,  and  6p  the  density  of  excess  free  holes  under 
injection  condition,  we  have, 

P  =  PQ  +  <$P  (B-7 ) 


Also,  let  SnD  be  the  change  in  the  density  of  loc- 
alized  states  filled  by  electrons  under  injection  condition, 
and  6p  the  change  in  the  density  of  empty  centers  under 
injection  condition.  We  have, 
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R 
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R,  o 


+ 


(B-8) 


To  write  (B-6)  in  terms  of  the  quantities  6p,  <$pR, 

<5n  ,  we  note  that, 

R 


nr 

nR,0  <Er-Ef) 

1  +  exp  IcT 


(B-9) 


and, 
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where 


PR,o  -  11  - 


- 1  N 

E  -E„  J  R 


(B-10) 


R  F 
1  +  exp  ( — ) 


Cp  is  the  Fermi  level  at  thermal  equilibrium. 

Introducing  quantities  n^,  ,  which  are  defined  as, 


ER  ec 


n!  =  Nc  exp  ("kT— )  =  no  exp  ( 


er  efw 


kT 


) 


(B-ll) 


Ver 


ef"erw 


Pi  =  Nv  exp  {-%$—)  =  po  exp  (-^— ) 


(B-12 ) 


From  (B-ll) ,  (B-12) ,  we  have, 


IVl  =  Po 

no  Pi 


We  have  from  (B-6)  and  (B-7) , 
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pR,o  =  NR  tl  - 


] 


1  + 


=  N 


R  p,  +  p 
^1  *o 


(B-13 ) 


nR,  o  NR 


1  + 


n- 


n 


=  N 


R  Px  +  Pc 


(B-14) 
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nR,o  _  £l 
PR,o  po 


(B-15) 


From  (B-5) ,  we  have, 


gh  =  PR  po  "V  ( ^ 


=  PR  <(V  pl 


(B-16) 


Thus ,  from  (B-6) , 


r  -  P<cp>nR  -  PR<cp>P1 


=  [(Po+{P)  (nR,0+6nR>  '  (PR,0+SPR)P11<CP> 


[6p  nR,0  +  (Po+6P+P1)  ‘  6nR]  <CP>  (B"17) 


since  6PR  =  ~6nR  (because  pR  +  nR  =  NR)  . 
Similarly,  we  get, 


r  =  [ 6n  Pr^q  ~  (nQ+6n+n1)  •  6nR] <cn>  (B— 18) 
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